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INTRODUCTION 


This paper is a report of studies on the sex condition in strawberries 
(Fragaria spp.) which have been carried on during the past four years. 
The study of pistil sterility and anther abortion in the cultivated varieties 
and wild species, which are the result of the strong tendency of this 
genus toward dieciousness, has received considerable attention; but the 
primary object of the investigation has been to find, if possible, some 
satisfactory explanation for the phenomenon of pollen abortion, which 
is so prevalent among heterozygous plants or plants of hybrid origin.” 


MORPHOLOGY OF THE FLOWER PARTS 
INFLORESCENCE 


The inflorescence of our cultivated strawberry and of Fragaria vir- 
giniana, which it closely resembles, is a dichasial cyme er sometimes, 
especially in certain cultivated varieties, a pleiochasium. The two 
lateral branches of the relatively main axis are not always equal either 
in size—that is, number of flowers borne—or in time of flowering. The 
pedicel of the primary flower is generally inserted a short distance from 
the joint of the two secondary branches and on the smaller of the two. 
The primary flower of the largest lateral branch usually opens directly 
after the primary flower and before that of the smaller lateral branch. 
The arrangement of the flowers and order of blooming are shown in 
figure 1. 

Variations from these types are not uncommon. In some cases the 
primary flower is lacking; in others, the primary stalk seems to be made 
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up of two which separate at varying distances from the ground, thus 
producing two typical cymes from one main stalk. The peduncle and 
pedicel lengths vary greatly within a variety, but there is apparently a 
rather constant negative correlation between the two—that is, as the 
peduncle or primary stalk decreases in length the pedicels or secondary 
branches increase, resulting in a rather constant ratio between fruit 
stalk length and leaf petiole length or height of plant. 

Opposite the point of insertion of the small secondary branch is 
usually a large bract. This may be and usually is in the wild forms 
a monophyllous leaf, while in many 
of the cultivated varieties it may 
be a well-developed di- or tri-phyl- 
lous leaf. The bracts or bracteoles 
subtending the branches of lesser 
degree are usually only rudimentary 
structures, being made up of the 
stipules often much reduced, but 
with an occasional slight broaden- 
ing of the midvein to form a small 
leaf blade. 

The flowers are hypogynous, and 
typically pentamerous with regard 
to all parts except the carpels. 
The perianth consists of three 
whorls of members, the outer five 
epicalyx lobes alternating with the 
five sepals and opposite to the five 
white petals. 


STAMENS 


% QUARTERNARY.....-----~ 
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SECONDARY 

o =" STAMEN ARRANGEMENT.—The 

stamens in typical flowers are ar- 

ranged in multiples of five. The 

number is not constant in pure 

ee _ species or within a variety. The 

‘oo uaumamenivieatiadl bio stamens are arranged in three 

soming. ‘The approximate order of openingis whorls. The outer consists of 10 

ee oe parapetalous stamens located at 

either side of the base of the petals (fig. 2, a, PP). These have long 

filaments. ‘Their number is the most constant of any of the whorls. The 

second whorl consists of five antipetalous stamens located opposite the 

petals and inside of the parapetalous whorl (fig. 2,a, AP). The filaments 

are shorter than those of the outer and inner whorls. The third whorl 

consists of five antisepalous stamens inserted opposite the point of inser- 
tion of the sepals, and inside of the two other whorls (fig. 2, a, A'S). 
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Variations in stamen number from the above arrangement, if slight, 
are usually due to the addition or loss of one or more stamens from the 
antipetalous series. If a definite increase of five takes place, it may be 
the result of an increase in one of two places: either the 5 single anti- 
petalous stamens may be replaced by 5 pairs to form a whorl of ro (fig. 2, 
b, AP), or the 5 antisepalous stamens may have been replaced by 5 pairs 
of parasepalous stamens located at the same points as the whorl of 5 
(fig. 2,c, PS). A further increase in the number of antipetalous stamens 
may consist in the development of a pair located on either side and 
slightly inside of the single antisepalous stamens (fig. 2, d, AP). These 
are characterized by the same short filament that is found in the anti- 
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Fis. 2.—Flower diagrams of Fragaria spp., showing stamen arrangement: AS represents antisepalous; 
AP, antipetalous; PP, parapetalous; and PS, parasepalous stamens. a represents the 2o-stamen 
atrangement found commonly in F. virginiana and F. americana and many cultivated varieties; b and c, 
a 25-stamen arrangement found in F. virginiana and some cultivated varieties; d, a 35-stamen arrange- 
ment sometimes found in cultivated varieties; while e and f represent a 1oand 15 stamen arrangement 
found in some clones of F. americana. 


d @ f 


petalous whorl of 5. This increase, plus the 20-stamen arrangement, 
gives a 30-stamen arrangement, or with either of the two 25-stamen 
arrangements, gives 35. 

Rydberg (34, p. 10)' has pointed out that the antipetalous stamens which 
appear to be the middle whorl in Fragaria spp. are truly an inner whorl 
which has been pushed out to form apparently a middle one (fig. 2, d), and 
that the outer parapetalous stamens are in reality younger with regard to 
development than the antisepalous or inner series. A study of the 
position of the accessory stamens of the antipetalous series (which can 
readily be distinguished by their short filament) and of the order of 
stamen development indicates that this view is correct. 





1 Reference is made by number (italic) to “ Literature cited,” p. 666-66. 
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In F. americana, 10, 15, and 20-stamen arrangements are common. 
The 20-stamen arrangement is the same as that described for F. vir- 
giniana and the cultivated varieties. When, however, a decrease 
below 20 to 15 takes place, it is due to the loss of the short filamented 
middle whorl of antipetalous stamens (fig. 2, f)—further proof that 
this is truly an inner and not a middle series. The next series to be 
lost is that consisting of the inner long filamented antisepalous stamens, 
thus leaving the parapetalous stamen arrangement (fig. 2,e). This seems 
peculiar, in view of the fact that they are older than the parapetalous 
stamens and therefore should remain longest. This might be consid- 
ered as proof that— 


the parapetalous stamens must be regarded as abnormal supernumary parts, 


as Rydberg (34, p. rr) considers them. The genus Fragaria differs 
from other species of the Potentilleae in this respect, as the more usual 
order of loss is first, the parapetalous, followed by the antipetalous 
stamens (34, p. 11), the long filamented antisepalous stamens being 
the most permanent. When stamens are dropped in Fragaria spp., 
they are lost completely and do not form the staminoids or partially 
developed stamens which are found in the pistillate flowers, so that a 
decrease in stamen number can not be considered as a step toward 
dieciousness. 

STAMINODIA,—Typically F. virginiana and, as will be shown later, 
some other species of strawberry are diecious, although the separation 
into strictly staminate and pistillate forms is not complete. The flowers 
of pistillate plants bear staminodia showing varying degrees of develop- 
ment (fig. 3, zz-16), which never, as far as I have observed, produce 
pollen. The staminate plants develop pistils which, as far as outward 
appearances are concerned, are normal, but which do not set fruit. As 
a result of this incomplete separation of the sex-bearing organs, there 
are variations in the stamen and pistil condition on individual clones 
and also on the flowers of an infloresence within a clone. 

The most common condition in the staminate plants is that in which 
all of the flowers produce normal stamens bearing good pollen. Occa- 
sionally clones are found in which the first flower bears only staminodia 
in place of the normal stamens. In flowers of this type the pistils are 
practically always fertile and produce normal fruits. On the other 
hand, the primary flower may produce normal stamens and no fertile 
pistils while one or both of the secondary flowers may be of the pistillate 


Co 





1 A possible case of pollen production in a pistillate variety is that of the Crescent. Plants of it which 
I have observed are strictly pistillate, although producing very large prominent staminoids (fig. 3, 16)- 
which are entirely devoid of reproductive tissue (Pl. 36, A). Castle (7 ,p. 150) states that in England “it 
produces perfect flowers and sets its fruit most readily, cropping heavily in favorable seasons.’’ As most 
other English varieties are hermaphrodites, it is very possible that large crops might set as a result of cross- 
pollination, and that the presence of the extremely large staminoids has been misleading with regard to 
the exact sexual condition of these plants. 

Fletcher (15, ». 132) also states that Crescent may vary in stamen condition becoming “a true stami, 
nate on rich soils,”’ but gives no further evidence on the point. 
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type, in which case they set fruit. A few cases have been found in which 
one side of a flower produced normal stamens and sterile pistils while 
the other half produced staminodia and set fruit. A similar range of 
conditions with regard to stamens has been noticed in seedlings of cer- 
tain cultivated varieties. Figures G and H, Plate 35, are from photo- 
graphs of primary and secondary flowers of the seedling Minnesota 1017 X 
Progressive 32-1, both of which bear only staminoids, while I and J repre- 
sent secondary and tertiary flowers of the same variety, I producing 
both staminodia and normal anthers and J producing only normal 
anthers. The production of pistillate flowers on the primary and on 


; ee 


A ADK 8. 


Fic. 3.—Outline camera-lucida drawings of perfect and intermediate anthers and staminodia of straw- 
berry: 1, 2,and 3, Normal anthers from tertiary flowers of a seedling of Minnesota 1017 X Progressive, 
Progressive, and another seedling of Minnesota ro17 X Progressive (40-1), respectively. 4, Staminodium 
from a primary flower of Minnesota 1017 X Progressive (40-1). 5 and 6, Normalanthers from Minnesota, 
3 anda late primary flower of Minnesota 1017, respectively. 7, Staminodiafrom a primary flower of Minne- 
sota 1017 produced early in the spring. and 9, Intermediate anthers from primary flowers of Minnesota 
3. 0, Intermediate anther from a primary flower of Progressive. 11, Staminodia from a pistillate flower 
of F. virginiana. 12, 13, and 15, Staminodia from pistillate flowers of seedlings of Minnesota 1017 X Pro- 
gressive, 2-25, 13-40, and rr=s9, respectively. 14, A staminodium from a flower of Haverland,a pistil- 
latevariety. 16, Staminodia from a flower of Crescent, a pistillate variety which produces extremely large 
and prominent abortive anthers. 

some of the secondary flowers throughout the season seems to be the nor- 

mal condition ina number of seedlings of the cross 1017 Minnesota x Pro- 

gressive (fig. 3, 3, 4), while among the commercial varieties there are a 

number which produce pistillate primary flowers early in the flowering sea- 

son, while those produced later are all perfect. A few varieties which 
show this peculiar condition early in the spring, are Brandywine, Minne- 

sota 3, Bederwood, Tennessee Prolific, and Staples. In figure 3, 6 

represents an outline drawing of a normal anther from a primary flower 

of Minnesota 1017, produced late in the season, while 7 represents 
staminoids of the same variety taken from flowers produced early in the 
flowering season. 
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Although typically there are two rather distinct types with regard to 
stamen development in both cultivated and wild clones of the straw- 
berry—namely, the perfect stamens bearing normal pollen and the 
staminodia of the pistillate varieties—there are apparently a series con- 
necting these two conditions. 

Figures 17, 12, 13, 14, 15, and 16 of text figure 3 show the range of de- 
velopment in size of the staminodia on some pistillate plants, and 7, 2, 3, 
5, and 6 show the relative size of normal anthers. In actual size the two 
types closely approach one another. With regard to development of re- 
productive tissue, there is considerable difference. The normal stamens 
naturally carry pollen development through to completion. The stami- 
nodia, on the other hand, never produce normal pollen, but show some 
variations in the extent to which development is carried. Figures A, 
B, C, and D, Plate 36, are photographs of cross sections of staminodia, 
figures A and B being cross sections of two loculi of staminodia of Crescent 
and Columbia, respectively, in both of which varieties the staminodia are 
rather prominent. Plate 36,C, is from the seedling Minnesota 1017 X 
Progressive, 11-59, which produces very large and prominent staminodia. 
Here there are distinct evidences of early degeneration of the repro- 
ductive tissue, probably pollen mother cells, although the early stages of 
this variety have not been studied. Figure D (PI. 36) is from a stami- 
nodium of a pistillate variety which produces extremely small stami- 
nodia. There is no evidence of any reproductive tissue whatever having 


been produced. 
Janczewski (24) has studied the stamen condition in some of the 


diecious species of Ribes and finds that in the pistillate flowers small sta- 
mens develop. Theirinternal development soon ceases and abortion of the 
reproductive tissue takes place. He considers that the small dark stain- 
ing mass which he found in the staminodia was made up of the decom- 
posed pollen mother cells. Often the cavity left by the breaking down 
of the pollen mother cells was filled with parenchyma which had grown 
in from the walls. Gates (17) found the same condition in some anthers 
of Oenothera lata. Apparently the parenchymatous tissue filling the 
staminodia of Crescent and Columbia is not of this origin, as early stages 
show no signs of the formation of pollen mother cells. 

INTERMEDIATE ANTHERS.—In studying the anther types of F.. virginiana 
certain clones were found which on first examination appeared to be 
producing normal stamens, but on closer examination were found to 
contain either a dark staining disintegrated mass or completely aborted 
microspores, the walls of which, in some cases, were disintegrating. 
These are apparently intermediate types between the staminodia and 
normal anthers. Similar types of anthers are not infrequently found 
in the primary flowers of many wild staminate clones. 

A study of the intermediate stamens of F. virginiana indicates that 
pollen development is generally carried to the homeceotypic division 
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or to the formation of the tetrads when degeneration occurs. This be- 
comes apparent first through degeneration of the mother-cell wall and 
the cytoplasm, if the homeeotypic division is taking place, leaving the 
spindles and chromosomes standing out sharply in this degenerate mass; 
or if the tetrads have already been formed, the material in which the 
microspores are embedded disintegrates and is followed directly by the 
disintegration of the microspores. Plate 36, E, shows degenerating 
tetrads; F shows a later stage of the same thing in which the micro- 
spores have completely degenerated; and G shows the condition found 
in mature anthers of this type. 

Occasionally development may proceed to the formation and libera- 
tion of the microspore when, following a slight thickening of the walls, 
degeneration of the contents and disintegration of the microspore walls 
takes place. The same type of degeneration is found here as where 
earlier abortion takes place. The walls become thickened and, as degen- 
eration proceeds, show a beaded appearance and finally break up into 
drops of a yellow oily appearing substance which makes up the mass 
shown in figure G (Pl. 36). In other clones of F. virginiana development 
proceeds to the liberation of the microspores from the tetrad when, fol- 
lowing a slight development of the microspore wall, degeneration of the 
cell contents takes place, leaving aborted pollen of the type so charac- 
teristic of hybrids. 

In the cultivated hermaphroditic varieties which produce staminodia 
on the early primary flowers (Pl. 36, D, G), and on some other varieties, 
such as Lovett, Glen Mary, and Minnesota 1017 X Progressive 9-24 (PI. 36, 
B, E), these same types of anthers characterized by+eing small, shrunken, 
and bleached yellow or deep ocher are common. They show both types 
of degeneration—i. e., complete disintegration of the anther contents 
and abortion of the microspore contents following their liberation from 
the tetrad. Figure H, Plate 36, shows a section of a whitish yellow 
anther of the type shown in figure 3, 8 and 9, from a primary flower of 
Minnesota 3, a variety which for the most part produces normal stamens. 

Jeffrey and others have recently given emphasis to the relationship 
between aborted pollen and hybridity and have attempted to correlate 
any considerable amount of pollen abortion with a hybrid condition of 
the plant. Apparently in the strawberry the above type of pollen 
sterility and the tendency toward dieciousness are very closely related. 
As all degrees of stamen development may be found on a single culti- 
vated variety of the-strawberry, and on some wild plants also, from the 
small staminodia to well-developed stamens bearing normal pollen, it 
seems safe to conclude that these intermediate stamen types bearing 100 
per cent aborted pollen and found in apparently pure F. virginiana are 
not the result of hybridization but are really the expression of various 
degrees of dieciousness. 

Whether the clones of F. virginiana bearing these intermediate anther 
types are able to develop fruit, thus indicating whether they have been 
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derived from the pistillate forms continuing pollen development in the 
staminoids beyond the usual time or whether they are staminate forms 
in which pollen development is inhibited has not been determined ex- 
perimentally. However, they appear to be of the latter type as they 
have been seen in flower a number of times and have shown no signs of 

setting fruit. 


RELATION OF FLOWER 
PART NUMBER TO 
SIZE OF FRUIT 


It is generally rec- 
ognized by growers 
that toward the end 
of and in fact during 
the whole progression 
of the picking season 
of strawberries, there 
is a progressive de- 
crease in the size of 
berries produced, but 
the relationship be- 
tween this decrease 
and the position of 
the flowers on the in- 
florescence producing 
these smaller berries 
has not been so gen- 
erally recognized. As 
has already been men- 
tioned, strawberry 
flowers are typically 
pentamerous, but un- 
der cultivation there 
has been an increase 
in the number of 
parts in a portion of 


the flowers. This in- 


Fig. 4.—Graphs showing the relation between sepal number and flower : oh 
position in the seedling varieties No. 373,968,and 1006. The sepal — 1S most strik 
number is indicated on the abscissas and the frequencies on the ing in the primary and 


re secondary flowers and 
is only apparent to a very slight degree in the later ones. An increase in 
calyx-lobe numberis practically always accompanied by anincreasein both 
petalandepicalyx lobe number and asthe stamensare arranged with regard 
to petal position there is necessarily an increase in stamen number also. 
Figure 4 shows the relationship between flower position and sepal num- 
ber in three seedling strawberry varieties. These show a condition typical 
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of our cultivated varieties. It will be seen that there is a very direct 
relationship between flower position and number of flower parts. In 
these same varieties the relationship between calyx-lobe number and 
size of berries was studied. The results are shown in Table I. These 
results indicate that there is a high correlation between flower-part number 
and fruit size, and as a definite relationship has been pointed out between 
flower position and flower-part number, it follows that the larger fruits 
will be developed on the early blooming primary flowers and that, as the 
season progresses, there will be a decrease in fruit size due to their being 
borne on later-blooming flowers of a higher order. 


TABLE I.—Relation of fruit size to calyx-lobe number in strawberries 





H Calyx-lobe number. Diameter of berry. 





Popu- | | 
Variety. lation. Stand- Stand- 
ard Mean. | ,2°d | Coefficient of 
devia- 2 * | devia- correlation. 
tion. tion. 





Seedling 1006....} 274 | * ©. 925 | I. 3. - 326 (0. 343 |o. 4820. 031 
Seedling 373....| 288 8 I. 040 | I. 4-3. § - 403 | . 532 | . 667+ .022 

















Seedling 968....| 275 | . -956 | 1. 7-3. - 427 | . 4361) . 519% .03 





Even a casual observation of normal large and small berries of any 
variety will indicate that there must be a relationship between berry size 
and carpel number. Table II shows the direct relationship which exists 
between fruit position, size of fruit and achene or carpel number in all of 
the fruits produced on the inflorescences studied. The fact that there is 
such a definite relationship between size of berry and flower position 
should be constantly kept in mind in the selection of breeding stock. 
This is apparently the point that Mr. Hubach, a southern strawberry 
breeder, has in mind in selecting for stalks which bear only one fruit 
per inflorescence (see Darrow, 9). 


TABLE II.—Relationship between fruit position, number of achenes, and size of fruit 
in the strawberry 





| 
Secondary. Tertiary. Quaternary 


| 








Variety. 


of achenes. 
of achenes. 
of achenes. 
of achenes. 





| Nusmber of flowers. | 


Average number 


Number of inflo- 
rescences studied. 

| Number of flowers. 
Average number 

| Number of flowers. | 
Average number 

| Average size. 
Average size. 

| Number of flowers. 
Average number 











> | Average size. 


3 Average size 
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PISTILS 


MorRPHOLOGY.—The carpels bearing a single orthotropous ovule are 
arranged in a spiral on the fleshy cone-shaped receptacle. At maturity 
they form dry achenes either set on the surface of the receptacle, as in 
F.. americana, or in shallow or deep pits, as in F. virginiana. The style 
is inserted laterally on the inner side of the carpel and extends well above 
the upper portion of the ovary. The pistil number is not constant on 
the flowers of an inflorescence but is directly dependent upon the posi- 
tion of the flower. 

PISTIL STERILITY AND DIECIOUSNESS.—As has been previously men- 
tioned, F. virginiana is, in the wild, typically diecious, the stamens having 
been reduced to staminodia in the pistillate plants and the pistils, although 
present and apparently normal, as far as can be seen superficially, in the 
staminate flowers are nearly always functionless. This condition of 
dieciousness has apparently remained unrecognized by systematists of 
Fragaria. Apparently dieciousness is not confined to F. virginiana alone, 
but is typical of most of the American species, except F. americana, 
which is hermaphroditic, as is also the European species F’. vesca. 

As early as 1760 dieciousness was recognized in F. elatior by Duchesne 
(see Fletcher, 16), who showed that the apparent sterility of the Hautboy 
was in reality due to the weeding out of the unproductive male plants. 
He also recognized partial separation of F. chiloensis into male and 
female plants. A study of herbarium material of some of the American 
species of Fragaria indicates that F. chiloensis from Alaska to Bolivia, 
F. cunetfolia on Vancouver Island and in Washington and F. platypetala 
from the north moraine of Sir Sandford Glacier are all diecious, at least 
some plants produced pistillate flowers bearing staminodia, while others 
bore flowers with well-developed stamens and apparently normal pistils 
which showed no signs of setting fruit. On two plants of F. chiloensis 
from Lake Merced, California, the primary flowers of staminate inflores- 
cences were found to have set fruit, while the remaining flowers, although 
well beyond the fruiting stage, showed no signs of setting. Supposedly 
hermaphroditic plants of F. chiloensis from Alaska, grown at University 
Farm for a number of years, produced few, if any, fruits, although they 
blossomed profusely. 

Georgeson (19, p. 13), in speaking of F. chiloensis, which he used in his 
hybridization experiments, says: 


There is a decided variation among the plants; some are much more productive 
than others, and some appear to bear only staminate flowers, though, as a rule, the 
flowers are perfect. 


and again (20, p. rz): 

The flowers are large and white and many of them staminate and sterile. 

The first plants of F. chiloensis brought to Europe by Frezier were all 
pistillate and had probably been selected by him because of their fruiting 
propensities. 
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Richardson (31, p. 176) mentioned receiving male plants of F. virgin- 
aana from America. I have grown plants of F. virginiana illinoensts 
from near Dresden, Ohio, which proved to be strictly diecious. The 
literature on strawberry growing in this country during the early part of 
the last century makes many references to the necessity of growing 
staminate varieties for the purpose of fertilizing the pistillate forms and 
to the fact that these plants were unproductive of fruit, but very pro- 
ductive of plants and would soon dominate the garden if attention was 
not paid to them. Apparently they were using staminate F. virginiana 
plants as pollen producers. 

A study of F. virginiana in various sections of Minnesota shows that for 
the most part this species is diecious, although some few hermaphroditic 
plants may be found. Of a total of 1,615 pistillate flowers of this species 
borne on 304 plants located in four distinct regions of the State, 1,180 
set fruit, while 393 were still in the bud or blossom stage, thus indicating 
that practically all of the flowers of the pistillate forms are fertile if 
pollinated. One pistillate clone, composed of 11 plants was found, 
however, which produced a total of 57 flowers, 18 of which were still in 
the bud or flower stage; of the remaining 39 only one set seed. Another 
clone of this same type was found in a different region. Material of both 
these has been saved to test further their fertility. Plants of both of 
these clones, when grown under conditions more favorable to pollination, 
proved fertile. 

In contrast to the striking fertility of most of the pistillate forms is 
the condition in the apparently hermaphroditic plants. Of 1,640 
flowers of this type borne on 381 fruiting stalks of separate plants, 403 
were in the flower or bud stage, while only 152 of the remaining 1,237 
set fruit, leaving a total of 1,085 flowers which were definitely sterile; 
286 plants of the 381 studied bore no fruit. 

The position on the inflorescence of the flowers which set is interesting 
in connection with the problem of nubbins and pistil sterility in our 
cultivated varieties. The fact has previously been mentioned that a 
few flowers borne on male plants may bear only staminodia in place of 
stamens and that these are generally fertile. Of the 152 fruits which 
set, 31 were developed from this type of flower. The other flowers on 
these stalks were of the usual staminate form and were generally sterile, 
although a few instances were noted in which one of the flowers bearing 
normal stamens set a few achenes. Of these 31 fruits, 17 were borne on 
primary, 10 on secondary, 3 on tertiary, and one on a quinary flower. 
Five of the 152 which set were borne on flowers bearing the intermediate 
type of anther and of these 2 were primary and 3 secondary. The other 
flowers of these inflorescences bore normal anthers and were sterile. 
Fifteen resulted from flowers which produced some staminodia and 
anthers either distinctly segregated in definite portions of the flower or 
mixed indiscriminately; of these, 12 were from primary and 3 from 
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secondary flowers. The remaining 101 fruits were borne on flowers 
bearing a full quota of normal anthers. Of these flowers 54 were primary, 
40 secondary, and 7 tertiary. While most of the fruits which set on the 
pistillate plants were of a regular shape, indicating a perfect or nearly 
perfect set of achenes, those borne on the staminates were for the most 
part very irregular in shape, as the achenes which set were often few in 
number and irregularly scattered. Often not more than one or two 
achenes per flower developed. Where only a few achenes developed, 
the typical nubbins which are so common in the latter part of the 
picking season in commercial plantings were produced. These results 
prove that F. virginiana is a species well on its way toward diecious- 
ness, and, reasoning from analogy with F. virginiana and F. elatior, 
it may be concluded that those other American species which produce 
two types of plants—that is, pistillate and somatic hermaphrodites—are 
also diecious. 

Recent investigations by Bunyard (6) and Fletcher (z4) into the origin 
of our cultivated strawberries tend to show that they have originated 
from hybrids of F. virginiana and F. chiloensis, both of which are ap- 
parently diecious. If this is the case, it raises the question of the origin 
of our cultivated hermaphroditic forms. A study of the pistil ste- 
rility in these forms seems to indicate that they may have been derived 
from males which have varied in regard to pistil fertility. 

Table III shows the relationship between flower position and pistil 
sterility in 10 hermaphroditic and 4 pistillate varieties. This table was 
prepared regardless of the degree of setting, whether perfect or whether 
the resulting fruit was a nubbin, all flowers which set any achenes being 
put under the heading ‘‘Set.”” The lower horizontal row under each of 
the two groups indicates the percentage of the flowers of each position 
which set fruit. It shows the very great increase in sterility from the 
first flowers to the last in both the pistillate and hermaphroditic forms, 
being greater in the latter than the former. This is the condition which 
would be expected if the cultivated hermaphrodites have been derived 
from males of the wild type, as the males which do set fruit in the wild 
exhibit a high percentage of their low fertility in the primary flowers. 

The conclusion that the hermaphrodites have been derived from stam- 
inate forms rather than from pistillate is in keeping with the results 
found in other species, as Lychnis spp. (35) and the grape (43). A further 
study of pistil sterility was made in 15 other varieties of hermaphrodites 
amd 3 pistillates to determine the relationship between nubbins or irregu- 
larly set fruit and flower position. 

Nubbins and lack of setting of flowers have been attributed by horti- 
culturists for the most part to lack of proper pollination or to frost injury. 
The first of these factors may be eliminated, however, as pollen is usually 
very plentiful and in a mixed planting, such as the data given in Tables 
III and IV were taken from, was always abundant and especially so when 
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the later more sterile flowers were in blossom. Further, the fact that 
pistillate varieties, grown in proximity to hermaphrodites, set fruit even 
in the early part of the season, when pollen is admittedly scarce, would 
argue for pollination having little to do with nubbin formation. To 
those who have noticed the effect of frost on strawberry flowers it will 
be clear that this factor may also be eliminated as a cause of irregularly 
set fruit, as frost, if it injures the flower at all, will blacken the entire 
receptacle. The possibilities of the primary flowers being “‘frostbitten’’ 
are much greater than the later ones, but it is the latter which generally 
form nubbins or are entirely sterile. 


TABLE III.—Relationship between flower position and number of frutts set in hermaphro- 
ditic and pistillate varieties of strawberries 
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Table IV shows the relation between flower position, imperfectly 
developed fruit or nubbins, and complete pistil sterility. It corroborates 
what has already been pointed out, namely, that the first flowers of an 
inflorescence are much more fertile than the later ones. With regard 
to nubbins the same relationship is shown—that is, there is a gradual 
increase in the percentage of nubbins formed from the primary to the 
last flowers which open. This condition can hardly be construed as 
indicating anything but a morphological sterility of a portion of the 
pistils in those flowers which result in nubbins, if viewed with the facts 
in mind of the condition shown in the hermaphrodites of the wild parent 
species, the unquestionable sterility of many of the later flowers, and the 
fact that the greater percentage of these partially sterile flowers are in 
bloom when pollen is most abundant. If it were a question of pollina- 
tion, we would expect the pistillate forms to exhibit much more sterility 
than the hermaphrodites, whereas they exhibit decidedly less, both with 
regard to the actual number of sterile flowers as well as nubbins. 
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TABLE I1V.—Relationship between flower position and the degree of setting in hermaphro- 
ditic and pistillate varieties of strawberries 
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@ Not certainly true to name, 


The most characteristic type of nubbin is that in which all of the 
achenes set except those situated at the tip, thus producing a berry 
with a dead, dry tip. This raises the question as to why the tip pistil 
should be more sterile than those at the base. 

We have already seen that when a reduction in stamen number takes 
place it is the youngest which are lost first, and apparently this is true 
also of the pistils. The pistils of the oldest flowers are decidedly more 
fertile than those of the later flowers, and it seems logical that the older 
pistils within a flower should be the more fertile. Observations on a 
seedling everbearing variety which in the spring produced only stamens 
and a small, white dome destitute of pistils in place of the ordinary 
receptacle, but which later in the season gradually produced normal 
flowers, illustrates this point. It was noticed that the first flowers which 
produced pistils developed only a few normal ones around the base of 
the receptacle, while those above gradually decreased in size until at 
the tip there were none. The later fruiting stalks increased the number 
of normal pistils until in the last fruiting stalks the entire receptacles of 
the first flowers were covered with normal pistils. This series of flowers, 
although an extreme with regard to sterility, still indicates the portion 
of a flower in which there is the greatest likelihood of its appearance. 
The question of pistil sterility should be kept in mind in the selection 
of breeding stock, as it is most certainly inherited in the pure species 
and apparently is in the cultivated varieties, as selfed seed of Glenville, 
a variety which rarely sets more than an occasional primary flower, 
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produced a number of seedlings which were as sterile as the parent. 
(All the progeny have not yet flowered.) 

Sufficient pistillate varieties have not been studied to indicate defi- 
nitely whether there is always a distinct difference between the ability 
of these and of the hermaphrodites to set fruit on the later flowers; 
however, a comparison of the percentage of fruit set on the tertiary 
and quarternary flowers of the pistillate and staminate varieties reported 
in Tables III and IV would seem to indicate that the former are de- 
cidedly more fertile than the latter, as is also the case in the wild forms. 
Darrow (9) reports that Mr. Hubach will use only pistillate varieties 
as the female parents because of the decrease in fruit production when 
hermaphrodites are used as both parents, 

A cytological comparison of the sterile pistils of wild males and the 
sterile pistils of hermaphrodites may give further evidence as to the 
origin of sterility-in the varieties which produce many nubbins and 
entirely sterile flowers. Strasburger (39) has shown that in a male 
resulting from a cross between F. virginiana Q and F. elatior 3, the 
pistils which are apparently ready for fertilization already, in longi- 
section, show a mass of degenerating material which contains the embryo 
sac mother cell. This may or may not be the condition in the pure 
forms of these species and in the sterile pistils of cultivated varieties. 

To the commercial grower of strawberries as well as to the breeder 
the question of variation of fertility under varying conditions of environ- 
ment or culture is of importance. Evidence which indicates that fer- 
tility is affected somewhat by environmental or seasonal conditions is 
given by the seedling which in the spring produced strictly male flowers 
but which in the summer and early autumn produced fertile pistils as 
well as stamens. Further, it is a matter of common observation that a 
bed of berries, if allowed to fruit more than one year, will produce an 
increasing number of small berries and nubbins. Of actual observational 
evidence the following indicates that growth conditions have something 
to do with sterility: A variety, named ‘Glenville’ for convenience, was 
sent to the Station with inquiries as to why it did not set fruit. Plants 
of it were grown in the greenhouse during the late winter, and, although 
they produced numerous fruiting stalks and an average of 13 flowers 
per stalk, only an occasional primary or secondary flower set fruit. 
Some of these plants, after having been grown in benches, were put 
into pots and given little attention. On June 5 they were fruiting, 
and a count was made of the flowers which had set. On 6 fruiting 
stalks there was a total of 43 flowers, an average of slightly over 7 per 
stalk. Of these, 22 set fruit. Of 6 primaries there was 1 which set, of 
12 secondaries 10, of 19 tertiaries 11, and of 6 quaternaries none set. 
The previous year some plants of this variety had been planted in the 
field; and 20 days after taking the above notes, observations were made 
on the field plants. Of 105 fruiting stalks examined, bearing a total of 
1,292 flowers, an average of 12.3 flowers per stalk, there was a total of 
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20 fruits, of which 15 were borne on primary flowers, 4 on secondaries, 
and 1 on a tertiary. Although this variety shows an extreme case of 
sterility, the condition found as regards variability of sterility may be 
an indication of what will be found when a thorough study is made of 
this point in our cultivated varieties. 

Thus far the study of sterility has dealt mainly with those types of 
sterility induced by a decided tendency toward dieciousness in species 
of Fragaria. Another type of sterility very prevalent in cultivated 
varieties and undoubtedly a factor in pollination is expressed in the 
appearance in ripe pollen of varying amounts of defective grains. It is 
with this type of sterility that the remainder of this paper deals. 


POLLEN DEVELOPMENT AND STERILITY 


A careful cytological examination of the pollen condition in the straw- 
berries, both wild and cultivated, was made with the objects of deter- 
mining (1) the amount of viable pollen in cultivated varieties and its 
relation to the setting of fruit and (2) the cause of pollen abortion in 
plants of hybrid origin. 

The material used as a basis in determining the genera: pollen condi- 
tion in Fragaria spp., consisted of (a) F. virginiana from various parts of 
Minnesota, (b) F. americana, (c) a considerable number of cultivated varie- 
ties, and (d) seedlings under test in the course of the fruit-breeding work. 
The cytological study was carried on principally on the self-fertile variety 
Minnesota No. 3, a cross of Senator Dunlap x Pocomoke, recently intro- 
duced by the Minnesota Agricultural Experiment Station. It produces, 
on an average, about 50 per cent of aborted grains and so furnishes 
desirable material for the study of normal and abnormal pollen develop- 
ment. Thestagesin normal development were also studied in F. virginiana. 


POLLEN CONDITION IN WILD FORMS 


The recent work of Jeffry and his students on the poilen condition in 
wild forms puts under suspicion the genetic purity of the Rosaceae in 
general. The forms which have been studied most intensively, 
Onagraceae (25), Crataegus spp. (37), Rubus spp. (23), and Rosa spp. (8), 
show, in some species, a relatively large proportion of aborted pollen 
and the appearance of many subspecies, some of which appear to be 
hybrids. Because of this fact and with a view to comparing the pollen 
condition of the wild with the cultivated forms, pollen of F. virginiana 
and F. americana was examined. 

The methods used in determining the amount of abortive pollen were 
as follows: Fresh flowers were collected and either were allowed to dry 
or were kept with their pedicels immersed in water until the anthers 
had dehisced. The pollen was then transferred to slides by holding the 
flower over a slide and giving it a few sharp taps. In this way the 
anthers dehisced completely onto the slide. A drop of lactic acid was 
then added, and a small cover slide placed over the drop, forming a 
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fairly permanent mount if handled carefully. The lactic acid has the 
advantage over water or alcohol for this purpose, as it is not volatile 
‘ and seldom, if ever, breaks the pollen grains through osmotic pressure. 
It readily enters and expands the normal grains, while it leaves the 
aborted ones collapsed. It has another very distinct advantage over 
the more mobile liquids, in that its viscosity holds both the normal and 
aborted grains in place until the cover has settled firmly, while, if water 
is used, the empty grains have a decided tendency to wander toward 
the edge of the cover slide, thus invalidating the count. Where no 
aborted pollen was present, of course no actual counts were made; but 
where present, counts were made varying from 200 to 2,000, the object 
in each case being to include enough grains to indicate within a close 
range the percentage of abortion. A record was kept of the position 
on the inflorescence of the flower from which the pollen was collected 
in order to determine whether a similar relationship existed between 
flower position and abortion of pollen as was found to exist between 
flower position and stamen type in certain clones. 

The results of the pollen counts on 223 flowers of F. virginiana are 
shown in Table V. They indicate that F. virginiana produces for the 
most part morphologically perfect pollen, although a few plants were 
found in which the percentage of aborted grains was high. If pollen 
condition may be taken as a criterion of species’ purity it may be said 
that F. virginiana in this region is nearly a pure form. The appearance 
of considerable amounts of aborted pollen in a few plants might be 
‘considered as the results of the ‘‘conditions’’ under which these plants 
have been grown, but the fact that several flower types have been found 
in the wild may indicate that abortion is due to a condition arising 
from a slight degree of hybridity consequent on the intercrossing of 
these forms. The one primary flower which produces 100 per cent 
aborted pollen bore intermediate anthers and abortion was more likely 
due to the partial suppression of stamens, in some way connected with 
the tendency toward dieciousness, than to other causes which may result 
in sterility. This was not included in the average percentage of aborted 
pollen in the primary flowers for this reason. 

A comparison of the pollen condition in the flowers borne on various 
positions shows that pollen abortion is in no way related to flower position 
and thus to dieciousness as are the various anther types and sterile pistils 
before mentioned. 

In the hermaphroditic species F. americana nearly the same condition 
exists with regard to the degree of perfection of pollen as in F. virginiana. 
The result of pollen counts on 49 flowers taken from an equal number of 
plants are shown in Table VI and they indicate that the pollen condition 
of F. americana is normal. As it is very difficult to cross F. virginiana 
and F. americana, it is probable that where these two species are growing 
in close proximity they remain pure. 
38325°—18——2 
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TABLE V.—Pollen condition in wild plants of Fragaria virginiana with reference to the 
position of the flower on the inflorescence 





Aborted percentage. onary secondary | tertiary | quaternary 


Number of | Number of | Number of |} Number of 
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Average percentage of 
abortion 











a Not included in average because borne in an intermediate type of anther. 
b Of no significance because of few flowers. 


TABLE VI.—Pollen condition in wild plants of F. americana with reference to the position 
of the flower on the inflorescence 





Number of 
Number of | Number of| flowers 
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Observations on the pollen condition in herbarium material of other 
species than those above mentioned are not conclusive with regard to 
the species examined because of the scarcity of material. Plants of 
F. chiloensis from Sequin, Washington, from two localities in San 
Francisco County, California, and from Bolivia, South America, pro- 
duced perfect pollen. <A single plant from Vark Hill, Cal., produced 
small amounts of defective grains while two plants of a clone from Lake 
Merced, Cal., which set fruit on the primary flowers of an otherwise 
staminate cluster, produced in the neighborhood of 50 per cent of aborted 
grains. A plant of F. chiloensis var. Scouleri, from Klantaak Island, 
Yakutat Bay, Alaska, produced perfect'pollen. F. platypetala from Mt. 
Carleton, Wash., also produced perfect pollen. Although flowers of 
comparatively few plants of these two species have been examined, the 
facts seem to indicate that the pollen condition is much the same as that 
found in F. virginiana and F. americana. 


POLLEN CONDITION IN CULTIVATED FORMS 


In contrast to the nearly normal pollen condition of the wild species 
is the variable condition found in the cultivated forms in which practi- 
cally all have a larger or smaller percentage of aborted grains. The 
pollen conditions in varieties, controlled seedlings of varieties, and some 
species-variety hybrids are given in Table VII. The percentages given 
are based on an average of over 600 grains per count, and indicate fairly 
accurately the pollen condition of the flowers studied. 


TABLE VII.—Percentage of aborted pollen in flowers, of various positions, from 129 
cultivated varieties, 18 controlled seedlings of cultivated varieties, 33 selfed seedlings of 
one of these, 3 F, plants of F. chiloensis X Wilson, 7 F, plants of F. cuneifolia X 
Magoon, and 10 "Fy plants of F. vesca X F. cuneifolia. The percentages are based 
on an average of over 600 grains per count 
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TABLE VII.—Percentage of aborted pollen in flowers, of various positions, from 120 
cultivated varieties, 18 controlled seedlings of cultivated varieties, 33 selfed seedlings of 
one of these, 3 F, plants of F. chiloensts X Wilson, 7 F, plants of F. cuneifolia X 
Magoon, and 10 Fy plants of F. vesca X F. cunetfolia—Continued 
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Taste VII.—Percentage of aboried pollen in flowers, of various positions, from 120 
cultivated varieties, 18 controlled seedlings of cultivated varieties, 33 selfed seedlings of 
one of these, 3 Fy plants of F. chiloensis X Wilson, 7 F, plants of F. cuneifolia X 
Magoon, and 10 Fy plants of F. vesca X F. cunetifolia—Continued 
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TaBLE VII.—Percentage of aborted pollen in flowers, of various positions, from 120 
cultivated varieties, 15 controlled seedlings of cultivated varieties, 33 selfed seedlings of 
one of these, 3 F, plants of F. chiloenis X Wilson, 7 F, plants of F. cuneifolia X 
Magoon, and Io Fy plants of F. vesca X F. cuneifolia—Continued 
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TaBLE VII.—Percentage of aborted pollen in flowers, of various positions, from 120 
cultivated varieties, 18 controlled seedlings of cultivated varieties, 33 selfed seedlings of 
one of these, 3 F, plants of F. chiloensis X Wilson, 7 F, plants of F. cuneifoha X 
Magoon, and 10 F, plants of F. vesca X F. cuneifolia—Continued 
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The most striking fact exhibited by the counts in Table VII, other 
than the general presence of some aborted pollen, is the variability of 
the pollen condition within a variety. Abington, for instance, shows a 
range of from 7 to 37 per cent of abortive pollen. Abundance from 2 
to 33 per cent, and Bederwood, which usually produces a high per- 





636 Journal of Agricultural Research Vol. XII, No. ro 





centage, in one instance produced as low as 31.7 per cent of abortive 
grains. Numerous other equally striking variations in pollen abortion 
will be evident by referring to the table. 

In view of the variability shown above, the pollen condition was deter- 
mined in all of the flowers from two inflorescences of Minnesota 3 
to determine what variations occur in flowers grown under so nearly 
similar conditions. The results of these counts are presented in Table 
VIII and exhibit as great variability within the flowers of a cluster as 
is found between flowers from separate plants. In one stalk the range 
is from 31.2 to 91.1 per cent, in the other it is from 21.4 to 40.3 per cent, 
while the range in other counts of the same variety (Table VII) from 
different plants is from 14.2 to 60.4 per cent. 


TaBLe VIII.—Percentage of aborted pollen in all of the flowers from two stalks of 
Minnesota 3 
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In view of the variability shown between different plants of the same 
variety and between different flowers of a single inflorescence, a study 
was made of the variation in pollen conditions of individual anthers 
within a single flower. The pollen of nine anthers, from a flower of 
Seedling 778 was studied, four of which were from the outer para- 
petalous series, three from the middle antipetalous series, and two from 
the inner long filamented antisepalous series. The results, given in 
Table [X, show a greater range of variability between the anthers of a 
single flower than was exhibited by the five separate flowers of the same 
variety reported in Table VII. Because of the extremely great varia- 
bility in pollen condition shown by some varieties, as Abington, Abun- 
dance, Aroma, Darlington and others, which often produce nearly perfect 
pollen (as far as can be determined by this method of study), while at 
other times, apparently under the same conditions, high percentages of 
abortive pollen are produced, too much stress should not be laid on a 
few scattered observations in determining whether a species is pure or 
of hybrid origin until more is known of the factors which produce such 
great variability. It may, of course, be argued, and logically, that a 
large number of the grains in the anthers, which produce nearly perfect 
pollen, are truly abortive, but have developed beyond the stage where 
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degeneration can be discovered by a superficial examination. The 
possibility of this being the case will be shown later. Nevertheless the 
factors causing a relatively high degree of pollen abortion in apparently 
pure species have been so little studied that to assign hybridity as the 
only cause is, to say the least, presumptive. 


TABLE IX.—Variation in percentage of pollen abortion in anthers from one flower of 
Seedling 778 
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POLLEN GERMINATION TESTS 


In view of the possibility of many of the apparently normal grains 
being in reality abortive, attempts were made to determine the exact 
amount of fertile pollen without regard to its apparent morphological 
condition. The usual method of pollen germination in Van Tieghem 
cells was employed. The results were disappointing, so far as a deter- 
mination of actual condition of individual grains was concerned; but 
nevertheless some suggestive conclusions may be drawn from them. In 
all, 450 tests were made, comprising 28 of F. americana, 45 of F. virginiana, 
and 377 of cultivated varieties. The results obtained under carefully 
controlled conditions were very erratic. Solutions of cane sugar in 
distilled water were used in concentrations varying from 7 to 60 per cent. 
Pollen germinated to a very slight degree at both of these extremes, 
but the optimum concentration ranged between 35 and 45 per cent. 

Temperature is an important factor in pollen germination, since at 
ordinary room temperature there was practically no germination, while 
if the cultures were placed in a warmer portion of the room, at a tempera- 
ture of about 90° F. sometimes a high germination resulted. Other 
tests, carried on under as nearly identical conditions as possible, often 
gave entirely negative results. Tests made in an electric oven, at 95° F., 
showed at times a high percentage of germination, while at others the 
germination was very low. Although the proper conditions for germi- 
nation could not always be produced, yet enough evidence was obtained 
to conclude that wherever any normal pollen is present, a portion of 
it is likely to have the power of germination, for in several cases where 
over 95 per cent of the pollen was abortive some of the morphologically 
perfect grains produced normal tubes. 
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BAGGING TESTS 


The final test for the fertility of pollen is its behavior when used in 
pollination. The simplest method of testing pollen fertility is to bag 
the flowers before they open. This method has been used very exten- 
sively by several investigators in self-sterility studies of the pear, apple, 
cherry, peach, and grape and has been found to be efficient under favor- 
able conditions. Observations by growers upon large blocks of any of 
the hermaphroditic varieties of strawberries agree that strawberries are 
all self-fertile, physiologically, wherever normal pollen is produced, so 
that the question of self-sterility does not enter into the problem. 

Bagging tests were made on 106 varieties and 40 unnamed seedlings 
produced at the Minnesota Fruit Breeding Station. The detailed results 
and summary of these tests are given in Table X, and show (1) that in 
the hermaphroditic varieties studied no physiological self-sterility exists; 
(2) that wherever morphologically normal pollen is present fertilization 
takes place; and (3) that the extent of fertilization is dependent upon 
the percentage of normal pollen produced. 


TABLE X.—Degree of setting of the fruits of various positions on the inflorescence on 98 
hermaphroditic varieties and 39 seedlings of strawberries when bagged 





| 
3 | Primary. | Secondary. | Tertiary. | Quaternary. 





Variety. 


Number of flowers. 


Perfect. 
Nubbins. 
Not set. 
Perfect. 


Nubbins. 











Abington 
Abundance 
Amanda.. 
Arizona.. 
Aroma. 
Barrymore. 


WHHw: 
“> 
eoOaua 
“ 
“ “ 


Dh ORewe: 
os 


= 
ow 
» 


Brandywine 
Brown Beauty 


» 
An 0 WOSWwW WH WSO 


GwKNe: AwWHane 


wn oan- 
_- 
we 
oe 
“we 


> pw WH A@rU nH OM aN: 


"RH DRDO HW: 


Wh! HUMNwW: OS: WRuunn | Nubbins. 
» 
» 


— COUBSB OO BOvrawwN 


- 8 


Cooper 
Commonwealth 


= 
wm: 


- 
USWewW AOS wtKHbh et DIAN: 


Darlington, 
Dorman.... 


orHun- 
I Mh RwWEWO: 
o 


h 
Ewell Early 


Excelsior 


os 


wv 
Onset Qoew RACK AQAA Qraunn ou oe 
w 


“. 


ONUWSDHUHD HUD SE- 
~ 
PrhnHwwewn- 
0 


_# 





DORW! OOWHEWR: 


eves eee sees I I 
Grand Marie...... oR a 4 
Hanbeck Beauty. an ee 2 ee ra ee 
Haverland @ ae Bey eee, Pee a ee 


@ Not certainly true to name. 


- 























WHnwa-: 





























@: 





Mar. 11, 1918 Sterility in the Strawberry 639 





TaBLE X.—Degree of setting of the fruits of various positions on the inflorescence on 98 
hermaphrodttic varieties and 39 seedlings of strawberries when bagged—Continued 
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TABLE X.—Degree of setting of the fruits of various positions on the inflorescence on 86 
hermaphrodttic varieties and 39 seedlings of strawberries when bagged—Continued 
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@ Two bags split or tip open, allowing the possibility of cross-pollination. 


Pollination in unbagged flowers is for the most part dependent upon 
bees and small insects and upon the anthers becoming erect and partially 
folding about the receptacle while dehiscing, thus dropping the pollen 
on the stigmatic surfaces. In the bagged flowers the insects are elimi- 
nated, and thus the most efficient natural means of pollination is lost. 
As a consequence many of the bagged varieties produced many nubbins, 
but no case of complete self-sterility was found where morphologically 
perfect pollen was present. 

If the percentages of total perfect fruits, nubbins, and sterile flowers 
of each flower position in Table IV are compared with those in Table X, it 
will be seen that (1) the setting under bags is very much poorer than in the 
open, both with regard to the number of perfect fruits set and also with 
regard to the actual number of flowers which set any achenes, and (2) the 
primary flowers are decidedly more fertile than the later ones, as, even 
under the adverse conditions of pollination within the bags only 11.0 
per cent of the primary flowers were sterile, while 20 per cent of the 
secondary. 40.7 per cent of the tertiary, and 68.5 per cent of the quater- 
nary flowers were sterile, in spite of the very great increase in amount of 
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pollen present in the bags while the later flowers were in condition for 
pollination. 

In order to determine to what extent parthenogenesis or parthenocarpy 
might possibly enter into the above results, bags were put over 67 clusters 
of 22 pistillate varieties. Of a total of 661 flowers covered, 55 set some 
achenes. Of these, 52 were found in 6 bags which had been accidentally 
split, thus accounting for the probable pollination by insects. Of the 
remaining three fruits, which developed in apparently tight bags, two bore 
1 achene each and the other 7. Significance can hardly be attributed 
to the setting of these few achenes, since the chances for accidental 
pollination, to this extent, are relatively great. It may therefore be 
coucluded that parthenogenesis does not exist in the cultivated strawberry. 

A condition which might possibly be attributed to parthenocarpy 
occurred in the Buster variety, in which 9 flowers of the 22 bagged 
showed a very decided development of the achenes with no accompany- 
ing development of the receptacle. These achenes contained no embryos. 
In the strict sense of the word parthenocarpy in the strawberry could 
only be applied to a development of this kind. A more comprehensive 
use of the term might include the development of the fleshy receptacle. 
Ordinarily, flowers which set only one or a few achenes develop the 
fleshy receptacle only at corresponding points, due probably to the 
stimulus of fertilization. In perfect varieties receptacles are often 
found in which development has taken place not only at the base of 
the pistils but also about the base of the stamens. In 3 out of 10 
bagged flowers of the pistillate Red Bird variety, the fleshy receptacle 
developed about the base of the staminodia forming a red fleshy circle 
about the dried pistils. Two flowers of Crescent, also an imperfect 
variety, developed normal fleshy berries, one bearing one achene and 
the other none. Apparently these receptacles developed without the 
stimulus of fertilization in the same way as that at the base of the stami- 
nodia in Red Bird. 

POLLEN DEVELOPMENT 


As Mendelian and, in fact, most genetic results are dependent upon 
the segregation of determiners during the formation of gametes and to 
their recombination again at the time of fertilization, any processes 
which interfere with the normal procedure should be carefully studied 
and, if possible, their nature determined. 

There are a number of ways in which the normal order may be dis- 
turbed, at least there are various outward expressions of them. The 
condition in the Phylloxera spp., as pointed out by Morgan, in which 
half of the spermatids degenerate regularly, while the other half con- 
tinue and form normal spermatozoa, and the relationship between 
degeneration and the absence of the accessory chromosome is so well 
known that it needs no comment. Gates (1%) has shown that in 
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Oenothera lata the early abortion of the male generative organs and 
partial abortion of the female is in some way associated with the presence 
of an extra chromosome, while in Oenothera semilata an extra chromo- 
some is present, but only a portion of the pollen grains abort. Morgan 
has shown that slight mutations are continually occurring in Drosophila 
spp., which inhibit the development of the 2X individual, while Bridges 
(5) has shown that certain chromosome combinations can not bring 
about normal development in the zygote. Is it too much to expect 
that like conditions may affect the 1X generation also? 

Dorsey (12) pointed out a different type of pollen degeneration from 
that which expresses itself in the production of empty grains. He 
showed that in functionally pistillate grapevines pollen developnemt 
proceeds normally through the microspore division and the formation 
of the normal content of cytoplasm found in mature fertile grains. 
During the period of development following the microspore division, 
one or both of the nuclei of a portion of the pollen grains aborted, leaving 
the grain normal as far as cytoplasm was concerned. Associated with 
the complete sterility of the pollen of the functionally pistillate varieties 
were the reflexed type of stamens, an entire lack of sutures and germ 
pores in the mature pollen, and dieciousness. It is probable that the 
lack of germ pores is the direct cause of sterility in the numerous grains 
which otherwise appear entirely normal. Tischler, Rosenberg, and others 
have shown that pollen abortion in hybrids may follow either normal or 
irregular reduction divisions, when the parents have both an equal and 
unequal number of chromosomes. Shull (35, 36) has recorded some 
consistent irregularities in sex ratios in Lychnis dioica which will later 
be shown possibly to have been due to slight mutations causing pollen 
abortion. Goodspeed (21, 22) gives further evidence on the sterility of 
hybrids of Nicotiana spp,,when N. sylvestris is used as one parent and shows 
that not only the pollen is sterile but that the F, plants are incapable of 
forming any very appreciable amounts of seed. Rimpau (31) and 
Jesenko (26) have shown that in hybrids between wheat and rye there is 
complete male sterility, while some of the egg cells are able to produce 
viable seed if pollinated with either wheat or rye pollen. 

The cytological investigation of pollen development in the strawberry, 
reported in this paper, has two main objects in view: (1) the determina- 
tion of the mechanism and nature of pollen abortion and with these 
facts at hand, (2) the determination to which of the many categories of 
sterility the very prevalent pollen abortion in the strawberry varieties 
belongs. 

MATERIAL AND METHODS.—The variety used as the basis of this study 
is Minnesota 3. As was previously stated, it furnishes desirable ma- 
terial for this type of study, as about 50 per cent of its pollen aborts, 
while the remainder develops normally. The egg cells in this variety 
and in the cultivated varieties in general do not show a corresponding 
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degree of abortion, as it is very common for practically all of the achenes 
to develop on perfectly formed strawberries. 

The material was prepared for microscopic examination according 
to the ordinary cytological methods. Carnoy’s, Flemming’s strong, 
medium, and weak, and chromacetic-acid fixing solutions were used. 
All gave very good results, except Carnoy’s fluid. Sections were cut 
from 4 to 20 thick, the best results being obtained from those 4 to 6 yp 
thick. The triple stain and Haidenhain’s iron-alum-hymatoxylin stains 
were used, both giving good satisfaction. 

The drawings in Plates B to E were outlined with the help of an Abbe 
camera lucida. All, with a few exceptions noted, are drawn to the same 
scale, in order that comparisons of cell size and cytoplasm content may be 
readily made. 

ANTHER TISSUES.—The walls of the young anthers are made up of 
four oblong layers of cells of about equal size; the outer epidermal layer 
and three inner layers. Inside of these layers there is usually one 
layer of tapetal cells and about five layers of pollen mother cells, both 
of which at this time are easily distinguished from the wall cells by 
their large size and different staining reaction. 

The growth and development of the wall layers should be followed 
because of its relation to the increase in size of the pollen mother-cell 
cavity during the formation of the tetrads. As the pollen mother cells 
prepare for reduction, and during the division, rapid cell division is tak- 
ing place in the parietal cells, so that by the time the heterotypic division 
is complete there is an appreciable increase in the size of the anther 
cavity. Gradually the two inner layers of cells flatten out, owing prob- 
ably to the growth of the outer layer, the cells of which rapidly increase 
in size, although showing no further cell divisions. 

At the tetrad stage the inner layer is very much flattened, while the 
middle layer is still plainly visible and the cells are still full of cytoplasm. 
The cells of the outer layer are now very appreciably larger than the 
epidermal cells, which have also grown slightly. After the liberation 
of the microspores and while they are increasing in size, the epidermal 
cells sometimes collapse, as their contents have become scant. By the 
time the microspores have nearly completed their growth and have 
begun to divide, the cells of the outer layer have become deeper than 
long and are nearly as large as the tapetal cells. At this time they show 
distinctly the spiral thickenings which have to do with dehiscence. Both 
of the inner layers have now collapsed or show very scant cytoplasm. 
Before dehiscence the walls separating the members of the two pairs of 
loculi break down, leaving two large loculi in each anther. The relation 
between the increase in size of the anther cavities both during prepara- 
tion for the first meiotic division and subsequent to it, and a difference 
which Fragaria spp. shows from some other forms in the history of the 
mother-cell wall will be pointed out later. 





644 Journal of Agricultural Research Vol. XII, No. ro 





THE TAPETUM.—The tapetum, usually one cell layer thick, is com- 
posed of large angular cells similar in size, and staining reactions to the 
pollen mother cells. The tapetum in Fragaria spp. differs in its greater 
persistence from most other forms reported. Division in the tapetal 
cells begins at about the time of synapsis of the pollen mother cells and 
has been observed as late as the metaphase of reduction division. The 
divisions are all mitotic, no evidences of amitotic divisions having been 
observed. Following reduction division the tapetal cells are binucleate 
and remain so until the liberation of the microspores, when they degen- 
erate and completely disappear. The disappearance of the tapetal 
layers is gradual. They first separate from the wall layers and then 
ptoceed to dissolve, the wall which was in contact with the anther wall 
first disappearing, followed by gradual dissolution of the entire cell 
layer. During this process the walls become thick and laminate and in 
places the middle lamella dissolves, partially freeing the individual cells. 
When the microspores are three-quarters grown the tapetal cells have 
entirely disappeared. This persistence of the tapetal cells will be shown 
to be correlated with a like persistence of the pollen mother-cell walls. 
The history of the tapetum in F. virginiana is identical with that just 
described which is of Minnesota 3. 

POLLEN MOTHER CELLS.—The study of pollen development was begun 
with the so-called resting stage of the pollen mother cells between the 
last archesporial division and the first meiotic division. They do not, 
however, show the characteristic chromatin and linin condition found 
in true resting cells of Fragaria spp. (compare fig. 1, Pl. B and fig. 2, 
Pl. D). The cells are angular and contain a large nucleus (Pl. B, 1). 
The contents of the nucleus are irregular dark-staining, very small masses 
of chromatin held in a network of linin fibers. The number of chro- 
matin bodies is very much larger than the number of chromosomes. 
Ordinarily one large nucleolus is present, although it is not uncommon 
to find two. 

Synapsis.—The first indication of the onset of the prophase is to be 
seen in the gradually increasing size of these chromatin bodies which 
still, however, appear very flaky and irregular. The linin and chromatin 
during this period are so indistinct that it is impossible to determine 
whether there is any definite pairing of the individual particles and 
threads as has been shown to exist in Liliwm spp. by Allen (2) and in 
several forms by Overton (30). These larger masses gradually move to 
one side of the nuclear cavity and congregate about or near the nucleolus 
in a loose indefinite mass (Pl. B, 2). At this time a few rather defi- 
nite threads appear in the mass, some extending out from it as loops. 
Where the loops are long enough, they are seen to be distinctly double 
(Pl. B, 2, 3). This is the only evidence of any pairing during the 
presynaptic stages. Gradations between the conditions shown in 
figures 1 and 2 occur within a single loculus of an anther and are proof 
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that these stages bearing bivalent loops are presynaptic. Gradually the 
synaptic mass tightens until it is close and compact, occupying a very 
small portion of the nuclear cavity (Pl. B, 4). During this contrac- 
tion there are refractive particles present both in the mass, some of which 
are in contact with the nucleolus, and outside of the nuclear membrane, 
which give the same staining reactions as the nucleolus. Similar masses 
to these Digby (zr) has considered to be synaptic extrusions. 

The synaptic stage is of long duration. Gradually the chromatin in 
synapsis takes on the appearance of being made up of a closely tangled 
mass of threads. Soon loops are pushed out from it, which are bivalent 
often for their entire length (Pl. B, 5). The fact that these loops are 
often double from the point at which they leave the mass to the point of 
entrance, and can sometimes be traced through a portion of the synaptic 
mass gives the impression that they are made up of two continuous 
threads which closely approximate each other over their entire length. 
This view is supported by the later stages, especially those at and follow- 
ing segmentation, which in Fragaria spp. are very clear. 

Loops continue to push out from all sides of the synaptic mass, often 
shifting it to the center of the nucleus. Gradually the bivalent thread 
becomes more or less regularly distributed about the nuclear cavity, 
usually having, however, a somewhat tangled center near the nucleolus. 
The spireme thread at this stage often appears to be a single strand 
due to the close approximation of its univalent portions (Pl. B, 6). 
However, no anthers at this stage of development have been found which 
do not contain many portions of the spireme which are double for eon- 
siderable distances. It is probable that, during the post synaptic stages 
up to segmentation of the spireme into chromosomes, the univalent 
portions of the thread are never fused throughout their whole length to 
form a single spireme. It is even possible that no fusion takes place, 
but that the univalent threads only approach each other so closely that 
in such delicate threads the line of demarcation can not be distinguished. 

There is no distinct second contraction, but there is a semblance of 
one following the loosely-distributed spireme stage. The thread con- 
tracts gradually but unevenly throughout its whole length, its univalent 
portions as a consequence becoming separated from one another and 
appearing thicker (Pl. B, 7). The portions of loops which are in 
contact with the nuclear membrane remain so and often extend long 
distances on the periphery and then turn at relatively sharp angles and 
again extend in fairly straight lines toward the central mass, still situ- 
ated usually near the nucleolus. Many of the loops in this way form 
equilateral triangles. There is no doubt at this time of the double 
nature of these loops. The paired threads are evidently identical with 
those which appeared while passing out of synapsis and may be identical 
with the bivalent loops seen extending out from the loose presynaptic 
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mass. Continued contraction of the bivalent spireme results in seg- 
mentation. 

SEGMENTATION.—In order to determine definitely whether a telosyn- 
aptic or a parasynaptic arrangement of the univalent chromosomes 
prevails during the synaptic and postsynaptic stages, it would seem nec- 
essary to determine the exact procedure from the bivalent condition just 
previous to segmentation, through segmentation to the paired condition 
in diakenesis. If it can be shown that the bivalent threads appearing 
during the pre and post segmentation stages are identical in Fragaria 
spp., it will be a strong argument in favor of the parasynaptic arrange- 
ment of the chromosomes. As Fragaria spp. is not complicated by a 
second contraction and, as the segmentation stages are rapid, all stages 
from that shown in Plate B, figure 7, to diakenesis being found within 
a single loculus; and as the stages during this period are unusually 
distinct, such a determination is not difficult. 

Digby (zz) has recently presented the results of a very detailed study 
of the cytology of Crepis virens in which the conclusion is reached that 
there is an end-to-end arrangement of the chromosomes during the 
synaptic stages. The details from the loosening of the synaptic mass to 
segmentation are very similar to those in Fragaria spp., although the 
chromatin in C. virens is apparently much more viscous and gives less 
clear-cut images than does Fragaria spp. Her figures 76, 78, and 79 
may be considered as in the same stages as my figure 7 of Plate B and to 
present the same condition—that is to say, a split or a double spireme the 
pairs of which are somewhat twisted about one another. She considers 
that these figures do not show two univalent threads lying side by side, 
but that the bivalent loops are due to the folding back upon each other 
of univalent segments during second contraction. At this stage the 
chromatin mass became so viscous that— 
it is generally impossible to individualize the future three bivalent chromosomes. 
The chromosomes are in fact evolved out of what appears to be a tangle of viscous 
nuclear contents. 

It appears hardly logical to conclude from this evidence that there is 
an end to end rather than a side to side pairing of the univalent 
chromosomes. 

The number of loops present at segmentation in species of Fragaria 
is always less than the number of chromosome pairs which appear at 
diakenesis. It has been mentioned that these loops extend for long 
distances on the periphery of the nucleus, forming more or less regular 
equilateral triangles. When segmentation takes place, it is usually at 
the outer angles of these loops and at or near the nucleolus, which gen- 
erally forms more or less of a center from which the loops radiate. Thus 
the bivalent loops are often divided into three pairs of bivalent chromo- 
somes (Pl. B, 9). The pairs continue to contract, those attached to 
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the periphery remaining in that position and those which have one end 
attached to the nucleolus assuming a position alongside of it (Pl. B, 
II, 14). Occasionally one pair may be attached both to the nucleolus 
and to the periphery; when there is evidence of considerable force exerted 
by the pair in contraction (Pl. B, 11). The pairs continue to contract 
(Pl. B, 12, 13), forming various figures which have often been described 
in other forms, but very few circles have ever been seen at this time. 
The contraction continues until the typical diakenesis stage is reached 
when it is often difficult to distinguish between the two univalent 
chromosomes of a pair (Pl. B, 14, 15). Apparently they often fuse, 
as in the multipolar spindle stage they sometimes appear as single entities. 
At diakenesis 26 chromosome pairs can readily be counted. At this 
stage in Minnesota No. 3, of 22 counts made, 19 showed definitely 26 
chromosome pairs and three others showed, respectively, 24, 25, and 27. 

A very similar condition to the diakenesis of the pollen mother cells is 
shown in the prophase of the tapetal cell divisions. Here, however, in 
place of the 26 pairs of chromosomes 52 pairs appear arranged about the 
periphery of the nucleus. Five counts made at this time showed in 
three cases 52, and in two 50 and 54 pairs, respectively. 

HETEROTYPIC DIVISION.—Diakenesis in the pollen mother cells is of 
somewhat long duration, but the period between it and the metaphase 
of the heterotypic division is extremely short, usually not more than two 
or three multipolar spindlés appearing in a loculus simultaneously. The 
small oval chromosomes now arrange themselves on the equatorial plate. 
Whether there is any definite order or arrangement could not be deter- 
mined, as the chromosomes appear identical. They are arranged close 
together and, while their number can not be readily determined, 26 have 
been counted on one plate and 24 on another. 

The chromosomes are then gradually pulled apart and drawn to the 
poles. No irregularities in cell division or extrusion of chromatin matter 
have been seen during this process. The daughter chromosomes show 
only slight evidence of fission for the following division. The disk- 
shaped daughter nuclei are soon formed (PI. C, 1), and directly after 
prepare for the second meiotic division. 

HoMEOTYPIC DIVISION.—The two spindles of the homeotypic division 
may be parallel to one another or their axes may be at right angles. 
The metaphase of the division is also characterized by great uniformity, 
the daughter chromosomes separating and advancing toward the poles 
simultaneously. After separation they could be readily counted and 
showed in 7 counts 26 chromosomes (PI. C, 2). 

The daughter nuclei are soon formed, and walls are laid down between 
them, dividing the cytoplasm evenly. ‘The cells gradually split apart, 
separating the four microspores and allowing the entrance between 
them of the viscous material which has up to this time surrounded either 
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partially or entirely the original mother cytoplasm (Pl. B, 9; Pl. C, 
I, 3, 4): 

POLLEN MOTHER CELL WALL.—The history of the pollen mother cell 
wall is of interest as it differs somewhat from that generally reported for 
the higher plants. 

In the lily (Allen, r), grape (Dorsey, 12), and in many other plants in 
which pollen development has been studied, it is usual, during prepara- 
tion for the first meiotic division, for the pollen mother cells to separate 
from one another, due apparently to dissolution of the middle lamella 
and to growth of the anther walls, forming a greater space into which 
the cells can round up and float free from one another. Allen (7, p. 200) 
considers that the separation is due to a dissolution of the cell walls 
from between the mother cells, and that each is ‘‘surrounded only by a 
plasma membrane.” Following separation, a very decided thickening 
of the material surrounding the cytoplasm takes place (Pl. B, 9; 
Pl. C, 1). This, Allen (r), Tischler (41), Stevens (3%), and others speak 
of as a thickening of the mother cell wall. Following the formation of 
the tetrads, this material increases and, as the cells of the tetrad separate 
from one another, flows between them. This material is usually of a 
rather firm nature and in buckwheat (38) often persists for some time 
after the liberation of the microspores from it. 

There is evidence in Fragaria spp. which indicates that this material 
is entirely distinct from the mother cell wall and is in no way dependent 
on it for its increase in volume, thus appearing to be more of the nature 
of the gelatinous sheath which surrounds groups of cells in many of the 
algae. 

In Fragaria spp., in place of the pollen mother cells rounding up just 
before or during reduction division, while there is taking place a rapid 
growth of the anther walls and a consequent increase in size of the 
anther cavities, the cytoplasm separates at the angles from the walls 
and rounds up independently (Pl. B, 9, 14, 15; Pl. C, 1). The walls 
remain in contact with one another and adjust themselves to the 
increasing space by stretching. As soon as evidence of rounding up of 
the cytoplasm appears, a gelatin-like material is secreted unevenly 
about the cytoplasmic mass (Pl. B, 9; Pl. C, 1). This material is 
apparently identical with that laid down about the plasmic mass in 
the grape, lily, and forms like them in which the mother cell wall rounds 
up, supposedly following the dissolution of the mother cell wall. In 
these cases it is generally spoken of as the thickening of a new mother 
cell wall. In the strawberry this material increases in amount until at 
the completion of tetrad formation and before liberation of the micro- 
spores, the spores are completely embedded in it (Pl. C, 3, 4). The 
mother cell walls are still present, but simply divide the anther cavity 
into large spaces, which are only partially filled by the tetrad (Pl. C, 
3). An examination of analogous stages to these in the lily and 
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grape shows the mother cell wall lying closely about the gelatinous 
material in which the spores are embedded, it having not disappeared 
at the period of rounding up of the pollen mother cells, as is generally 
assumed, At the time of rounding up of the pollen mother cells in these 
two plants, there is no evidence of old walls being left behind, but there 
seems rather to be a separation of the contiguous walls, due to the dis- 
solution of the middle lamella and rounding up of them with the plasma 
masses. The walls give a slightly different staining reaction from the 
thick secreted mass and so can be readily distinguished from it. During 
the liberation of the spores in the grape, it is not uncommon to see this 
gelatinous sheath completely disappear, leaving portions of the original 
mother cell wall about the spores. This gradually dissolves, liberating 
the spores. In the strawberry, the procedure is much the same. The 
gelatinous sheath, which shows no wall closely about it but only a limit- 
ing membrane, dissolves, liberating the spores into the large cell bounded 
by the mother cell wall. This soon disappears. 

At the time of liberation the spores have a distinct wall about them- 
selves, which is independent of the surrounding sheath. Apparently 
the condition in the lily, grape, and strawberry is identical, as far as 
structures are concerned, but differs primarily in the separation of the 
walls of contiguous cells in the former plants, while in the latter only 
the cytoplasm of the pollen mother cells rounds up, leaving the walls 
and middle lamella intact. 

Following the liberation of the tetrads and the disappearance of the 
mother cell walls, degeneration of the tapetum takes place. Tapetal 
degeneration seems to be in some way correlated with the disappearance 
of the middle lamella from between the mother cell walls, for in those 
forms which show an early rounding up of the mother cell walls there 
is a correspondingly early degeneration of the tapetal cells. 

GROWTH OF THE MICROSPORES.—Following the liberation of the 
microspores, there is a period of very rapid growth in their walls. At 
first this causes the microspores to become very irregular in outline 
(Pl. C, 7), but as growth continues and the wall becomes thicker the 
cells become more spherical. The growth of the microspore wall is 
so rapid that there is not a corresponding growth of the cytoplasm, 
a condition which results in a large vacuole occupying the greater portion 
of the cell cavity. When grewth of the microspores is nearly complete, 
the original cytoplasmic content of the spore is spread out over the 
periphery of the cell and about the nucleus (Pl. C, 8). The compara- 
tive size and consequently the very great decrease in relative cytoplasmic 
content, of the newly liberated microspores and those ready for the 
microspore division may be realized by comparing figures 5 and 8 of 
Plate C, which are drawn to the same scale. 

Early in the development of the liberated microspore the wall is 
differentiated into the extine and intine (P1.C,7). The extine gradually 
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thickens and a series of scales are formed over its surface. The ex- 
ternal appearance of the extine is shown in Plate C, figures 15 and 16; 
Plate D, figures 6 and 15. Soon after the microspore division the extine 
development is practically complete. 

DIVISION OF THE MICROSPORE NUCLEUS.—With the growth of the 
microspore there is an apparent decrease in chromatin content; for, 
in the nuclei which are just about to divide, the chromatin is distributed 
in small particles about the periphery of the nucleus and appears very 
scant. Transition stages between that seen in Plate D, figure 8, and 
the completion of the spireme have not been observed. The spireme 
(Pl: D, 9, 10) is a continuous, heavy, dark-staining thread. It follows, 
more or less, the periphery of the nucleus and surrounds the large 
nucleolus which has at this time begun to break down. The nucleolus 
takes on a very irregular outline, which is in some way related to the nu- 
merous threadlike processes which extend from it to the spireme thread 
(Pl. D, 10). The nucleolus is now very light-staining and seems for the 
most part homogeneous, but it may contain one or more small vacuoles. 
Soon after the segementation of the spireme into its 26 constituent parts 
the nucleolus completely disappears. 

Following segmentation of the spireme the nuclear membrane dis- 
appears, the chromosomes are drawn to one plane, and the spindle 
is formed (Pl. D, 11). The most usual position of the spindle in the 
microspores of many plants is near the wall and perpendicular to it; 
the pole which is to form the generative nucleus being nearly in con- 
tact with it. Asa result of this position the generative cell usually lies 
against the wall and the vegetative nucleus in the cell cavity (Pl. D, 15). 
This arrangement of the spindle is also found commonly in Fragaria 
spp., but is not universal. Often spindles are found which lie parallel 
to the wall (Pl. D, 12) and result in the arrangement of the nuclei shown 
in Plate D, figure 14, both of which lie against the wall. 

The spindle is always broad at the poles and short. The chromo- 
somes on the equatorial plate are small and oval in shape and may 
readily be counted if a section can be obtained in which the heavy wall 
of the microspore is removed both above and below the chromosomes. 
In these sections 26 chromosomes are plainly visible. The daughter 
chromosomes are drawn to the poles simultaneously (Pl. D, 12), no 
instances havitig been seen in which chromosomes lagged behind on 
the spindle or in which there was an extrusion of chromosomes. 

Directly after the rounding up of the daughter nuclei and the dis- 
appearance of the spindle fibers there is visible no sign of a cell wall or 
limiting membrane (Pl. D, 13) between the two nuclei, which is even- 
tually to set off the generative nucleus in a separate cell (Pl. D, 14, 15). 
Soon, however, the wall appears and the generative cell begins to round 
up (Pl. D, 14), eventually to lie free in the cytoplasm of the pollen grain 
(Pl. C, 1). 
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POLLEN MATURITy.—After the microspore division there is again a 
period of growth of the pollen grain and a very marked increase in the 
amount of cytoplasm. Eventually the pollen grain is completely filled 
with cytoplasm of a distinctly alveolar structure. During this time the 
cytoplasm nearly disappears from about the microspore nucleus, leaving 
the microspore cell wall loosely surrounding the nucleus, the chromatin 
of which is gradually taking on the condition typical of resting nuclei 
(PI. D, 2). 

When pollen formation is complete, changes take place in the anthers 
preparatory to dehiscence. These consist primarily in breaking down 
the wall between each pair of loculi, thus throwing all of the grains of 
one-half of the anther together. There is also a general drying-out 
process which results in the disappearance of the liquid material which 
previously surrounded the developing grains, and of a considerable 
portion of moisture from the pollen grains, thus causing them to collapse 
along three meridial sutures which fold in, thus giving in cross section 
somewhat of a clover-leaf shape, while the general shape of the grain is 
long-oval. The three germ pores are located at the middle points of the 
sutures. On placing the dry pollen in water it soon swells to form a 
sphere. 

The position of the generative cell and vegetative nucleus within the 
collapsed grains could not be determined, for as soon as the killing fluid 
penetrated the anthers the grains immediately swelled. In the swelled 
grains the nuclei lie in various positions with regard to one another, but 
usually in close proximity. The vegetative nucleus is generally spherical 
while the generative cell contents are fusiform, owing to the folding of 
the dried pollen grains and are not closely surrounded by the cell wall. 
The chromatin of both nuclei now shows the typical resting condition 
(Pl. D, 2). 

Up to and including the liberation of the microspores from the tetrad, 
the cells have shown marked regularity in division, the stages of short 
duration proceeding regularly from one end of a loculus to the other, 
while during the stages of longer duration the cells of a loculus all show 
the same degree of development. Up to the time of liberation of the 
microspores, the development which has taken place has depended 
entirely on materials furnished by the sporophyte, the one group of 
chromosomes merely being the tools by which the materials of the 
pollen mother cell were divided into four parts, the microspores. So 
far as can be seen up to this point, no growth process resulting directly 
in an increase of cell material can be directly attributed to the one aggre- 
gation of chromosomes. At the time of liberation from the tetrad 
the spores are strikingly alike in size and all other visible characters. 
There has been, up to this time, no differentiation in rate of development 
of individual microspores; and the spores, as liberated, are all normal. 
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DEGENERATION OF THE MICROSPORE 


Liberation of the microspore from the tetrad places these individuals 
upon their own resources for future development. It is true that the 
spores are surrounded by a nourishing medium furnished by the sporo- 
phyte, but the ability to use this material depends upon the individual 
cell metabolism of the microspores. 

A study of the actual change in cytoplasmic content from the pollen 
mother cell stage to the stage of complete formation of the pollen grains 
indicates the degree to which the young spores are dependent upon 
their own metabolism from the time of liberation from the tetrad to 
maturity of the male gametophyte or mature pollen grain. Measure- 
ments were made of the diameter of the spherical cytoplasmic mass at 
the following stages during pollen formation: Rounded pollen mother 
ceH at diakenesis, young microspores which have just been liberated 
from the tetrad, microspores which have completed growth and in 
which the nuclei are either dividing or are about to divide, and the 
mature pollen grains. A summary of the measurements is given in 
Table XI. It will be seen by comparing the volume of the pollen mother 
cells and of the microspores at liberation that the latter show slightly 
less than one-fourth the volume of the former, indicating that during 
reduction division and the period subsequent to the liberation of the 
microspores no increase in cytoplasm has occurred. Following libera- 
tion from the tetrad, however, when the microspores are floating in 
the nourishing medium of the loculus as independent units, very rapid 
wall growth takes place. From the time of liberation to division of 
the microspores nucleus the volume of the cells increases about 6.4 
times, but shows no corresponding increase in cytoplasm. At the 
mature pollen stage the cells have increased to nearly 7.5 times that 
of the liberated microspore. The changes in volume and cytoplasmic 
content from the pollen mother-cell stage to mature pollen are also 
well illustrated by Plate B, figure 14; Plate C, figures 4 and 8; and 
Plate D, figure 2, all of which are drawn to one scale. 


TABLE XI.—Volume of pollen mother cells and microspores at various stages of 
development 





Average 
diameter. 








“Me Cu, p. 
Pollen mother cell at diakenesis.................. | 15. 25 1, 859. 99 


Liberated microspores 9. 41 436. 28 
Microspores, division stage 17. 44 2,777. 40 
Mature pollen 18. 39 3) 255- 39 

















Mar. 11, 1918 Sterility in the Strawberry 653 





Although the gametophytic generation must properly be considered 
as beginning with the first appearance of the haploid chromosome 
number, yet the liberation of the spores from the tetrad may be con- 
sidered as marking the beginning of the independent growth period of 
this generation and the rapid growth of the spore wall, division of the 
microspore nucleus, the increase in cytoplasm, and finally the germi- 
nation of the pollen grain and the production of sperms as develop- 
mental stages in this very much foreshortened plant generation. The very 
rapid wall growth, division of the nucleus, and finally the increase in 
cytoplasm to 7.5 times its original volume, all within a relatively short 
period, go to make this period of a plant’s life history probably the 
most finely adjusted and critical one which it is called upon to survive. 

It is during the periods of rapid enlargement and of increasing cyto- 
plasm that degeneration of the microspores takes place. 

Although there is some evidence in the strawberry that degeneration 
may begin before liberation of the microspores from the tetrad, so many 
anthers have been examined which contain only normal microspores, 
both in the tetrad stage and directly following their liberation, that 
degeneration before this time can be considered as negligible. It is 
probable that poor fixation may account for the few apparent instances 
which have been found. Indeed, poor fixation constantly enters as a 
disturbing factor in the interpretation of the condition of the supposedly 
aborting grains, and it is only by finding the same types at later and 
more advanced stages of degeneration when there can be no question as 
to the condition of the microspore that the factor of, poor fixation can 
be eliminated. No aborted microspores have so far been found which 
could be referred to as degeneration within the tetrad. 

Directly following microspore liberation evidences of pollen abortion 
may be noticed and from this period on through the various stages of de- 
velopment, microspores and pollen grains are continually aborting. 

Plate D, figures 3 and 4, shows microspores shortly after liberation, in 
which the contents have completely broken down into a yellow oily mass 
which turns black on exposure to osmic acid. The lighter areas are 
globules evidently of a different substance. 

Ordinarily during the growth period of the wall following liberation, 
the cytoplasm becomes spread over the periphery in a thin layer. Plate 
D, figures 5, 6, and 7, represent various conditions in which this normal 
process has not occurred. Figures 7 and 11 are later stages of this type 
of abortion in which degeneration of the nucleus and cytoplasm is grad- 
ually taking place. Figure 15 apparently represents a further stage of 
this series, in which the nucleus, although visible in outline, is, with the 
cytoplasm, entirely functionless. Plate E, figure 11, shows the com- 
pletely degenerate microspore of this type found among normal mature 
pollen. The dark-staining mass is yellow and oily before killing. 
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Although there has been a considerable amount of degeneration up to 
the time of the completion of growth of the microspore wall, probably 
more takes place between the time of the formation of the large vacuole 
(Pl. C, 8) and the completion of the microspore division than at any 
other period. 

Plate D, figure 12, shows a full-grown microspore in which degeneration 
is taking place, both in the cytoplasm and in the nucleus. This was found 
in an anther containing full-grown 1-nucleate microspores, and probably 
is a case in which degeneration has begun during the period of enlarge- 
ment. 

Plate D, figure 13, and Plate E, figure 2, represent early stages in de- 
generation of 1-nucleate microspores. which are at the stage at which 
division should take place as they were found in anthers containing both 
1- and 2-nucleate grains, as well as division stages. The microspore rep- 
resented in Plate E, figure 7, was found among microspores of the stage 
of development shown in Plate C, figure 15, while that of Plate E, figure 
8, was found among mature pollen grains. Both are evidently later 
stages of the condition represented in Plate D, figures 12 and 13, and Plate 
E, figure 2. 

During the period of division a few microspores contain a very scant 
amount of cytoplasm. Such spores are seen in Plate D, figures 14 and 16, 
and Plate E, figures 1 and 4. Eventually these completely degenerate. 
Those of the type shown in Plate D, figure 16, and Plate E, figure 1, prob- 
ably are the forerunners of the completely degenerate microspore shown 
in Plate E, figure 10, which is a common type in mature anthers. 

Although degeneration takes place to a greater or less degree at all 
stages, from microspore liberation to microspore nucleus division, no 
instances of degeneration occurring during the process of division have 
been noted. Directly following division, however, evidences of degener- 
ation again become apparent, although much less numerous than in the 
period just prior to division. Figure 3 of Plate E represents an early 
stage of degeneration directly following microspore division. This is 
probably an early stage of the more advanced degeneration stage shown 
in Plate E, figure I. This young pollen grain was found among grains in 
which the cytoplasm was increasing rapidly in amount. It will be noticed 
that the generative cell is aborting, while the remainder of the grain 
is normal. Apparently grains of this type continue to increase normally 
with regard to the vegetative portion, while degeneration of the genera- 
tive cell occurs. Figure 13 of Plate E represents such a grain foundin a 
mature anther. Figure 12 represents another type of degeneration 
which takes place subsequent to division of the microspore nucleus. The 
generative cell has completely degenerated. The vegetative nucleus, 
although still present in outline, is functionless, while the cytoplasm bears 
no resemblance to the normal. It still retains the property, however, of 
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absorbing liquids when placed in them, and so the grains of the type 
shown in Plate E, figure 13, are likely to cause inaccuracies when the ordi- 
nary methods of determining the percentage of good and abortive pollen 
are employed. 

It seems clear thus far that degeneration of the microspores and pollen 
grains is a phenomenon closely related to the very active metabolic proc- 
esses which are taking place during this period of the plant’s life history. 


DISCUSSION OF RESULTS 


Thus far there has been shown to exist in the strawberry types of 
sterility due to at least two distinct causes. 

In some of the wild species, including F. elatior, F. platypetala, F. 
cunetfolia, and F. chiloensis, it seems highly probable that the species 
are diecious, while F. virginiana is unquestionably so for the most part. 
Dieciousness is expressed in the production of pistillate plants bearing 
staminodia, which, so far as I have observed, never produce pollen. 
The staminate plants bear normal stamens and pistils, which appear 
normal but which seldom are fertile. Certain types are also found which 
are intermediate between these two types. A few staminate plants may 
bear fruit on one or more of the early flowers. These flowers may or 
may not bear stamens, but both staminodia and intermediate anthers 
are found on them. Other plants which are apparently staminate 
develop only intermediate anthers in which abortion takes place at the 
tetrad division or shortly after, resulting in a degenerate mass in the 
anther. Another staminate type has recently been studied which bears 
fruit on the primary and occasionally on some of the other flowers. 
The anthers of the primary flowers are reduced to staminodia. The 
secondary flowers carry pollen development through to the liberation 
of the microspores when 40 to 80 per cent of them abort and degenerate 
completely, forming a yellow oily mass. The remaining grains develop 
normally and are fertile. These types are all found in plants of pure F. 
virgimiana and represent varying degrees of expression of dieciousness. 

The diecious condition of the wild species from which the cultivated 
forms have been derived probably explains the greater sterility of the 
later flowers of the cultivated hermaphroditic varieties, than is found 
in those of the pistillates; if we can accept the origin of the hermaphro- 
dites as being from males which have developed partial fertility of the 
female organs. The appearance of staminodia showing varying degrees 
of development in the cultivated varieties is also the direct result of 
dieciousness, while the intermediate types of anthers in the cultivated 
forms are of the same nature as those found in wild staminate clones. 
It is an interesting fact, in connection with the problem of sex deter- 
mination and dieciousness, that where intermediate anthers or stami- 
noids occur, either on wild clones or cultivated varieties which are able 
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to bear normal anthers, they are practically always borne on the primary 
flowers, while the anthers produced later have a greater tendency toward 
normal development. The tendency toward the production of stami- 
nodia is much greater in the early spring than later. On the other hand, 
pistil sterility is much more frequent on the later flowers of an inflores- 
cence and when fruits set on wild staminate clones it is practically always 
on the first flowers of a cluster which open. 

A second type of sterility often associated with the above type but due 
to a different cause is that which results in aborted microspores and 
pollen grains in otherwise normal anthers. Aborted pollen has been 
shown to be present in relatively small amounts in pure species of Fragaria, 
but appears often in large quantities in many of the cultivated varieties. 
This type of abortion has long been recognized in hybrids, and recently 
Jeffrey and his students have gone so far as to consider any plant bearing 
ever 15 or 20 per cent of this type of pollen a hybrid. 

Selfed seedlings and F, plants of crosses between varieties of cultivated 
strawberries are so extremely variable for many factors that it seems 
self-evident that they are of hybrid origin, and this is to a great extent 
confirmed by what is known of the origin of the numerous cultivated 
varieties, many of which are the result of variety crosses, while by far 
the larger number are chance seedlings. It thus seems evident that 
pollen abortion in the cultivated varieties is due to the same causes 
which produce sterility in other hybrids. 

As would be expected, there are varying degrees of sterility resulting 
from hybridization and varying degrees of irregularities in the stages 
which lead up to the final abortion of pollen. There appear in the 
literature numerous instances of abortion in both male and female repro- 
ductive organs following irregular reduction divisions. The irregular 
divisions, especially in the pollen mother cells, result in the production 
of more than four cells of unequal size in the tetrad. These produce 
microspores of varying sizes, few of which ever come to maturity. Gates 
(17, p. 98) pointed out that most of the forms studied by Wille (44) 
showing supernumerary cells in the tetrad are either hybrids or have 
been under cultivation for some time and are open to the suspicion of 
being hybrids. Other plants, some of which are known to be hybrids 
while others which have been cultivated as horticultural varieties and 
are under suspicion as hybrids, have been studied in more detail by 
various workers. Tischler (40, 41, 42), who has done much work with 
plants of this type, finds that in hybrids of Ribes spp. and in the sterile 
hybrid Mirabilis jalapa < M. tubiflora pollen degeneration usually takes 
place following normal divisions. In the hybrids Potentilla tabernae- 
montant X P. rubens, Syringa chinensis, and Bryoma alba x B. dioica, 
and in three varieties of banana (Musa paradisiaca) having different 
chromosome numbers, irregular divisions are common and are always 
followed by much pollen abortion. In these banana varieties, the 
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origins of which are unknown but which differ cytologically in having 
8, 16, and 24 chromosomes as the reduced number, it is significant that 
the most frequent irregularities in cell division during reduction, and 
most complete pollen sterility occurs in the two varieties having the 
greater chromosome numbers. Thus, pollen abortion may or may not 
be the result of irregularities at reduction division, but is apparently 
related to hybridity and is associated with heterozygosity. 

After working with several hybrid plants showing both normal divi- 
sions and irregularities during reduction and formation of tetrads, 
Tischler (41, p. 144) concluded that— 


Die Sterilitat bei Hybriden hangt nicht von irgendwelcher Chromatin repulsion ab. 


He concluded further that irregularities during tetrad division can not 
be considered as characteristic only of hybrids. He thought that ste- 
rility of hybrids was due to the coming together of two sex cells which 
did not contain identical developmental tendencies and that these were 
expressed at the critical time of the formation of the reproductive organs. 
Actual abortion of the grains he thought was due to insufficiency of cyto- 
plasm in the enlarged microspores. 

One of the most striking cases of sterility following hybridization, the 
cytological details of which have been worked out, is that of the hybrid 
Drosera longifolia X D. rotundifolia, reported by Rosenberg (33). The 
striking feature of this hybrid is that it is between parents having differ- 
ent chromosome numbers, the diploid number of D. longifolia being 40, 
while that of D. rotundifolia is only 20. As a consequence the hybrid 
contains 30. At reduction division in both the megaspore mother cells 
and pollen mother cells there appeared 10 pairs of chromosomes and 10 
single ones, the pairs supposedly being made of the 10 D. rotundifolia 
chromosomes paired with 10 from the D. longifolia parent, while the 10 
single chromosomes were the remaining 10 D. longifolia chromosomes. 
Reduction division resulted in the separation of the paired ones, these 
being drawn regularly to opposite poles. The unpaired chromosomes, 
on the other hand, were either drawn to one or the other pole or were 
left in the cytoplasm to form another small nucleus. The homceotypic 
divisions took place normally. Following the organization of the micro- 
spores within the tetrad, many proceeded to increase in size; in some, 
division of the microspore nucleus proceeded normally, and then in 
practically all cases abortion of the pollen took place. Following tetrad 
formation in the female reproductive organs, three of the tetrads usually 
aborted, as is common, while the other proceeded to form the egg sac. 
Egg-sac formation was carried to various stages, but it was only very 
rarely that a perfect egg sac, capable of further development, was formed. 
Rosenberg concluded (p. 39) that because of the fact that the micro- 
spore division was able to proceed normally, the degeneration of the 
pollen grains was not the result of the irregular distribution of chromo- 
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somes during reduction division, but was due to a lack of cytoplasm. 
The abortion of the egg sacs, he again concluded, was not due to irregular 
divisions, as all of the divisions following reduction were normal, but was 
due to poor nutrition. 

Nakao (29), working on the cytology of certain grain hybrids in which 
very striking irregularities in reduction division took place, followed by 
complete abortion of the microspore after liberation, concluded that 
abortion in this case was due to an insufficiency of cytoplasm previous 
to reduction division which resulted in abnormally early division and con- 
sequent irregularities. He did not consider why these irregularities 
should cause abortion of the microspores. 

In view of the conditions existing within an anther at the time of 
degeneration of microspores and because of certain genetic results which 
can only be explained on the basis of selective elimination of certain 
gametic combinations, it is difficult to agree with the conclusions of 
Tischler and Rosenberg that degeneration has nothing to do either with 
the irregularities or norma] repulsion which occur at reduction division 
in hybrids. 

Although there are striking differences in the regularity with which 
reduction takes place in sterile or partially sterile hybrids, there are 
certain conditions, in both those which proceed normally and those 
which show irregularities, which are alike and must be taken into account 
in the consideration of the causes of pollen abortion. These conditions 
are as follows: 

(1) At reduction division there is a sorting out of the parent chromo- 
somes, resulting in new combinations in the daughter cells, the mnuber 
of which depends upon the degree of difference between the two parents. 
If division proceeds normally, there is an equal number of chromosomes 
in each daughter nucleus. If it takes place irregularly, unequal numbers 
are found in the resulting daughter cells. In either case the combina- 
tions are new and may or may not contain all of the properties necessary 
for perfect metabolism of the cell. 

(2) If divisions take place regularly, there is an equal quantitative 
and, as far as can be determined, also an equal qualitative division of 
cytoplasm between the quadrants of a tetrad. If divisions have pro- 
ceeded irregularly, the cytoplasm is divided between the members of the 
tetrad in proportion to the amount of chromatin which they contain. 
In either case at the time of liberation from the tetrad, or if liberation 
does not take place, as in Drosera spp., at the period previous to enlarge- 
ment, all of the microspores appear normal—that is, they contain an 
organized nucleus and are filled with cytoplasm. In Minnesota 3 
there is at this time as great uniformity in size and cytoplasmic content 
of the individual microspores as is found in entirely fertile plants of 
F. virgimana. 
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(3) It is not until rapid growth of the microspores takes place and the 
necessity of active cell metabolism appears that evidences of degenera- 
tion appear. The necessity of active metabolism becomes apparent 
when it is remembered that the microspores increase 7.5 times their 
original volume during this growth period. 

(4) There is no specific time at which degeneration of the grains 
within a single anther takes place. In most of the sterile forms thus far 
studied a series of degenerating stages appear from the first period of 
growth of the microspores to the formation of nearly mature pollen. 

It is becoming more and more evident that the growth and develop- 
ment of plants and animals are directly dependent upon the chromosome 
combination which they contain. Boveri (see Morgan, 28, p. 55), in 
working with dispermic sea-urchin eggs, found that they very rarely 
develop normal individuals, while if separated at the 4-celled stage 
normal individuals often developed. This seems dependent upon the 
fact that in the first four cells, which are the result of a single division, 
the chances of one of the cells receiving at least one ‘of each kind of 
chromosome are relatively high and thus, when separated, some may 
develop normally. On the other hand, the chances of each of the four 
cells receiving one of each kind of chromosome necéSsary for perfect 
development are small; and as a result the individual develops abnor- 
mally. Bridges (5) has shown that in the fruit fly Drosophila ampelo- 
phila certain variations from the normal chromosome combinations 
have a definite effect upon the development of the zygote. Zygotes 
containing 3X chromosomes die, while those containing 2X and a Y 
chromosome develop normally. Male individuals may develop which 
contain an X but no Y chromosome, but were found to be entirely sterile; 
while those zygotes which received only a Y chromosome died as did 
also those which received 2Y chromosomes, but no X. Zygotes con- 
taining 2Y chromosomes plus an X, however, were able to develop into 
normal males. Apparently the presence of an X chromosome is neces- 
sary for the development of an individual, while the presence of a Y in 
males is necessary if the male is to be fertile. 

In plants the evidence for the dependence of development upon 
chromosome combinations is becoming indisputable if the Mendelian 
interpretation of the inheritance of factors is admitted. In F, progeny 
of hybrids, if the parents are homozygous, there is generally as much 
uniformity as is shown by either parent, while the F, progeny shows a 
wide range of types, often overstepping the limits of the parents. If 
such a variety of types with regard to hardiness, rust resistance, adapta- 
bility to various regional and soil conditions, and vigor of the individual 
plant are produced in the 2X generation as the result of new chromo- 
some combinations, why is it not possible for a similar series to exist in 
the 1X generation with regard to the ability of the individuals to develop 
in a given environment? 
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I have already pointed out that up to the time of liberation of the 
microspores from the tetrad, in the strawberry, cell divisions have 
resulted merely in an equal division of the cytoplasm of the original 
mother cell between its four granddaughter cells with no evidence of 
any metabolic changes resulting in an increase of cytoplasm. A similar 
condition exists in those forms which show irregular divisions during 
reduction with uneven distribution of cytoplasm between the resulting 
cells. Liberation of the microspores from the tetrad marks the end of 
the period of dependence of these cells upon the 2X generation, as far 
as future growth and development is concerned. At this time there is 
no difference between the conditions surrounding the microspores of a 
hybrid and those of a genetically pure individual. Both groups of 
microspores are set free in a homogeneous anther sap to complete their 
own further development. 

The progress of the developmental stages in plants of pure F. 
virginiana is characterized by great regularity of development of the 
individual microspores within a loculus with regard to rate of enlarge- 
ment, time of division of the microspore nucleus, and the subsequent 
development of cytoplasm. In fact, there is as great uniformity shown 
in these stages as was shown in the stages leading up to the mature 
tetrad stage in either F. virginiana or Minnesota 3. Minnesota 3, on 
the other hand, shows great irregularities during this developmental 
period in rate of growth of the individual microspores, in the time 
of division of the microspore nucleus, and in the rapidity of formation 
of cytoplasm. This lack of uniformity is in striking contrast to the 
uniformity shown in earlier stages of the same plant, while the cells 
were dependent on the 2X individual. The liberated microspores of 
Minnesota 3 are strikingly uniform in size and cell contents. 

During any period, following liberation of the microspore to the 
completion of development, microspores or pollen grains may be found 
degenerating. As all of the grains within a loculus are free in a 
homogeneous nutrient liquid, it seems difficult to believe that the varia- 
tions in development can be due to anything but the individual 
constitution of the microspores. 

Indeed, there is constantly accumulating an increasing amount of 
evidence which points to the continual elimination of gametes bearing 
certain chromosome combinations. In 1894 Millardet (27) reported on 
a series of hybrids between species of strawberry the progeny of which, 
he said, formed an exception to the general rule of hybrids, as the specific 
type of one or the other parent was always produced in the first and later 
generations. The specific type shown in the second generation was, 
with one exception, the same as that shown by its parent in the F, 
generation. Millardet mentions complete sterility in one species of cross 
and high percentages of sterility in the F, generation of some of the other 
combinations, Bellair (3) reports that in the tobacco cross Nicotiana 





Mar. 11, 1918 Sterility in the Strawberry 661 
sylvestris X N. tabacum the F, generation resembled the N. tabacum 
parent and was partially fertile. From these he was able to obtain F, 
plants apparently identical with the two parents and fully fertile. The 
reappearance of types similar to the parents in large numbers in the 
F, generation suggests the elimination of gametes containing combinations 
which would result in intermediate types. 

Detlefsen (10), working with animals, reports results obtained from 
cavy crosses which may readily be explained on the basis of the elimina- 
tion of certain combinations in the gametes of the males. He crossed 
tame females to wild males. The F, males were all sterile. The cross F, 
female with wild male was not very successful and produced one sterile 
male and a sterile female. The F, females crossed to tame males gave 
sterile males of which a few produced some nonfunctional sperms. The 
females of this back-cross again crossed to tame males produced males 
showing a low degree of fertility. As this process was continued, always 
crossing back to tame males, the fertility of the male progeny increased 
as they became more nearly homozygous for the tame condition. In the 
sixth generation all of the males produced sperms, and 66.7 per cent of 
these males were readily fertile. Apparently the more chromosomes of 
one parent type which were present in the sperm, the greater its chance 
of complete development. 

East (13) in a short abstract gives the conditions which he found in 
the progency of the partially sterile hybrid Nicotiana rustica humilis x N. 
pamculata. The F, progeny of this hybrid were very uniform, but only 
1 to 6 per cent of the female gametes were functional, and 2 to 6 per 
cent of the pollen grains were morphologically perfect. In the F, gener- 
ation some perfectly fertile plants were found, many possible F, combina- 
tions were omitted, many more homozygous combinations occurring 
than should be expected, and the parent types appeared once in every 
100 to 200 plants, whereas if all of the possible F, combinations appeared, 
the parent types would be much more rare. East considered that the 
results might be explained on the basis either of selective elimination of 
F, zygotes or selective elimination of F, nonfunctional gametes. He con- 
sidered further that the elimination of the nonfunctional gametes might 
be due to irregularities of chromosome distribution, which scheme seemed 
improbable; or the facts might be interpreted without this assumption if 
certain conditions were met which are as follows: 





If (r) there is a group of chromosomes in each parent that can not be replaced by 
chromosomes from the other parent; if (2) there is a group of chromosomes from each 
parent, a percentage of which may be replaced by chromosomes from the other parent, 
but where functional perfection of the gametes varies as their constitution approaches 
that of the parental forms; if (3) there are other chromosomes that have no effect on 
fertility and therefore can promote recombinations of characters in the progeny of 
fertile F, plants; if (4) a naked male nucleus entering the normal cytoplasm of the 
egg in the immediate cross can cause changes in the cytoplasm that will affect future 
reduction divisions; if (5) this abnormally formed cytoplasm is not equitably dis- 
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tributed in the dichotomies of gametogenesis in the F, generation; if (6) it follows 
from (4) and (5) that F, zygotes may be formed which are less perfect in their gamete 
forming mechanism than those of the F, generation; and if (7) the heterotypic division 
of gametogenesis does not necessarily form two cells alike in their viability. 


In the strawberry, in which no irregular distribution of chromatin 
occurs, certain of these assumptions—namely 1, 2, 3, and 7—would apply 
in explaining partial male sterility in many partially sterile varieties, 
but assumptions 4 and 5 and assumption 6, which is dependent upon 
them, can hardly be considered applicable; assumption 4 because there 
is no cytological evidence that there has been any disturbance of reduc- 
tion division; 5, because there is apparently equal distribution of the 
mother cell cytoplasm to each member of the tetrad, and 6, because 
there is no cytological evidence which would lead one to believe that the 
cytoplasm of the zygote had anything to do with the perfection of its 
gamete forming mechanism. In the strawberry sterility seems to be 
due to the inability of certain chromosome combinations to use the food 
material in which they are embedded in the growth and development of 
the liberated spore to a ripe pollen grain. 

If we can accept the hypothesis of pollen abortion being due in hybrids 
to certain chromosome combinations affecting the normal metabolism 
of the microspore in its development, the question at once presents 
itself: Is pollen abortion the result of the presence of one particular 
chromosome or of certain combinations of two or more, or do all of the 
chromosomes play some part in it? This question can not be answered 
from the facts so far obtained in the strawberry because of the heterozy- 
govis condition of the material which has been used; but there is other 
published evidence which throws some light on this question. 

Belling (4) has made a very careful study of partial sterility of hybrids 
between four species of the “‘bean” Stizolobium. He found that the F, 
plants, of those crosses in which the velvet bean (S. deeringianum) was 
used as one parent continually, aborted one-half of the pollen grains and 
one-half of the egg sacs. Of the second generation plants one-half were 
completely fertile and one-half partially sterile, as in F,. The progeny 
of fertile F, plants continued to be fertile, while the progeny of the 
partially sterile plants were one-half fertile and one-half partially sterile. 
Belling explained these results on the basis of the presence in the velvet 
bean of the factor K, which was not present in the other three varieties. 
These three, however, contained the factor L, not present in the velvet 
bean. The presence of either K or L he assumed to be necessary for the 
normal development of either egg sacs or pollen grains, the presence of 
both K and L, causing abortion. We may extend this working hypoth- 
esis slightly and put it on a chromosome basis, in which case we must 
consider that Belling’s factors K and k form one allelomorphic pair, 
being situated in a certain loculus of a specific chromosome in the velvet 
and the other three varieties of beans, respectively, and that the factors 
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L and 1 form an allelomorphic pair located in a definite but different chro- 
mosome of the three varieties and the velvet bean, respectively. Then, 
to follow out Belling’s scheme, the presence of the chromosomes bearing 
the factors K and L, in the same member of a tetrad causes abortion, and 
likewise the presence of both chromosomes lacking the factors K and L 
causes abortion. Belling states that abortion of the microspores takes 
place in the vacuolate stage and that there are no intermediates between 
the completely aborted and the most perfect grains, thus strengthening 
the idea that in this case no more than two chromosomes have to do 
with abortion. 

Another set of studies which point to one instead of two chromosomes - 
being the cause of pollen abortion are those of Shull (35, 36) on the 
inheritance of sex and of a sex-linked factor in Lychinis dioica. In 
the first of these studies Shull showed that very probably L. dioica 
9 is homozygous for the sex determining factors, while L. dioica ¢ is 
heterozygous. In crossing these forms an approximate ratio of 1 pis- 
tillate to 1 staminate usually resulted, but with nearly always a slight 
excess of pistillate plants, suggesting, if the females are homozygous 
for sex, an elimination of a portion of the male gametes bearing the 
determiner for maleness. In a later study he was able to show that the 
determiner for maleness was linked with a factor for narrow leaves while 
in normal plants the determiners for femaleness were linked with broad 
leaves. In a narrow-leaved mutant male found by Baur he showed 
that the determiner for femaleness as well as maleness was linked with 
the narrow-leaved determiner. It was as a result of the discovery of 
this homozygous (for leaf width only), narrow-leaf male that the factor 
for narrow leaves linked to maleness was able to be discovered as, being 
a recessive character and always in a heterozygous condition, it was 
hidden in normal males. 

When these homozygous narrow-leaved males were used in crosses 
with either normal broad-leaved females or heterozygous females, 
there was always produced a great excess of males, the females appear- 
ing only in very small numbers. These results were apparently in con- 
tradiction to those previously obtained in which females were more 
abundant. Shull gave no explanation of these irregularities. They 
suggest, however, that there is a fairly constant elimination of certain 
gametes. A study of all of Shull’s results, with this idea in mind, in- 
dicates that an explanation based on the elimination of certain male 
gametes will cover all cases of irregularity so far reported by him except 
the nonappearance of homozygous hermaphrodites and of heterozygous 
hermaphrodites containing male determiners. These two instances, if 
we may draw analogies between plants and animals, are of the same 
nature as the YY zygotes in species of Drosophila, and die (Bridges, 5). 





1 Shull (35-36) has shown that the hermaphrodites have undoubtedly been derived from males; and 
therefore the presence of two hermaphrodites or a male and an hermaphrodite determiner would be anal- 
ogous to the presence of two male determiners. 
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In every other instance in which irregularities in sex ratios occurred, a 
male or hermaphroditic parent was used in which the condition for nar- 
row leaves was linked with either a determiner for maleness, femaleness, 
or hermaphroditeness. If the irregularities were relatively slight, as 
was the case when normal broad-leaved males and females were crossed, 
maleness and narrow leaf were linked. A partial elimination of these 
male gametes would produce the actual results obtained. Hermaphro- 
dites of Lychnis dioica acted in the same manner as the males. Hermaph- 
rodites of Melandrium album, which we may assume to bear the narrow- 
leaf and hermaphrodite determiners linked, as they have undoubtedly 
* been derived from males, acted in the same manner as the narrow- 
leaved males—that is, they produced only females when crossed to 
normal broad-leaved females, in place of a 1 to 1 ratio. These results 
can be explained on the assumtion of complete elimination of the male 
gametes of the M. album hermaphrodite, which carry the hermaphrodite 
mutant and its linked factor, narrow leaf, and in the case of the narrow- 
leaved L. dioica males of the nearly complete elimination of the male 
gametes bearing the mutant factor for femaleness and narrow leaf. 

In all cases it seems that the factor for narrow leaves has an inhibiting 
action on the formation of the male gametes and results in the partial 
or complete elimination of them. Elimination in the normal males is 
not complete; otherwise this line would long ago have disappeared. In 
the mutants in which narrow leaf is linked with femaleness, elimination 
of male gametes bearing this mutant factor is nearly complete. Shull 
has also given much evidence which shows that there is also some elim- 
ination of female gametes bearing this mutant factor but to a less extent 
than in the males. Such partial elimination of the female gametes was 
shown in the cross heterozygous broad-leaved female (of the formula 
FBFb) by a narrow-leaved male Fbfb, which produced two heterozygous 
broad-leaved females, no homozygous narrow-leaved females (the nearly 
complete absence of both of these classes evidently being due to the 
elimination of male gametes bearing the factor for narrow leaves and 
femaleness), 630 broad-leaved males, and 463 narrow-leaved males. In 
this cross all four types should have appeared in equal numbers. The 





1 The effect of the linked factors “narrow leaves’’ and “femaleness’’ on the production of male and 
female gametes can be most readily seen by the use of this simple diagram 
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in which the male gametes are placed on the upper side of the square and the female gametes on the left 
side, while the number of each of the types of progeny are placed within the small squares, with their 
respective gametic combinations. 
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inequality of the last two classes must be due to inequality in production 
of the two kinds of female gametes FB and Fb; the latter, which carries 
femaleness and narrow leaf linked, appearing less frequently than FB. 
Apparently with the suppression or loss of the determiner for broad 
leaves in the sex chromosome, there has also been a partial suppression 
of a factor necessary for the normal development of male and to a less 
extent of female gametes. In personal correspondence with Dr. Shull 
he informs me that there is actually a great deal of pollen sterility in 
the narrow-leaved Lychnis male. 


CONCLUSIONS 


(1) The flowers of Fragaria are pentamerous with regard to all parts 
except pistils. The stamens are arranged in three whorls; the outer 
parapetalous series of 10 stamens, the middle antipetalous, short fila- 
mented series of 5, and the inner antisepalous series of 5. Increases in 
stamen number are due to the addition of 5, or a multiple of it, to either 
the antipetalous or the antisepalous series. Decreases in stamen number 
are due to the loss of first the antipetalous and next the antisepalous 
series. Apparently the parapetalous series are permanent. Decrease 
in stamen number is in no way related to dieciousness. 

(2) There is a positive correlation between flower position, flower part 
number, and size of fruit in the strawberry. 

(3) The wild American species of strawberry, from which the cultivated 
varieties have been derived, are for the most part diecious. The pistillate 
plants bear staminodia, which rarely develop as far as the pollen mother 
cell stage, and the staminate plants bear pistils which superficially ap- 
pear to be perfect but which are only occasionally functional. In a few 
wild clones of F. virginiana, which appear to be sterile, pollen develop- 
ment is carried as far as the tetrad division or slightly beyond this to 
the liberation of the microspores, when complete disintegration of the 
anther contents to an oily mass takes place. In other instances a por- 
tion of the microspores develop normally while the remainder within the 
same anther disintegrate, while in other clones shortly after liberation, 
and following a slight growth of the microspores, complete abortion of 
the same type as that found in hybrids takes place. These anther types, 
in wild clones, all appear to be various expressions of a tendency toward 
dieciousness and are not the result of hybridization. Similar anther 
types are common in certain cultivated varieties, on the early flowers of 
an inflorescence, and especially on those appearing early in the season. 

(4) There is a correlation between flower position and fertility of 
pistils, fertility decreasing in the later flowers of an inflorescence. Pistil 
sterility is expressed in the production of irregularly shaped berries or 
entirely sterile flowers. Sterility of the later flowers of an inflorescence 
is more general in hermaphrodites than in pistillates, suggesting that 
the hermaphrodites have been derived from staminates of the diecious 
wild forms. 
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(5) The appearance of considerable amounts of aborted poilen in 
wild plants of F. virginiana and F. americana is rare except in anthers 
of the intermediate type. Most cultivated varieties produce considerable 
amounts of aborted pollen of thetype common in hybrids. The percentage 
of aborted grains is not constant in the individual flowers of a variety, 
and neither is it constant in the individual anthers of a single flower, as 
just as great variations appear within the anthers of a flower as are 
shown by composite pollen samples of individual flowers. 

(6) In those varieties producing high percentages of aborted grains 
a portion, at least, of the morphologically normal pollen grains are 
functional, as shown by germination and bagging tests. There is no 
evidence of a physiological self-sterility in the strawberry. 

(7) In the partially sterile variety Minnesota 3 pollen development 
is carried on normally up to the liberation of the microspores from the 
tetrad. At this time all of the microspores appear normal and alike. 
Following liberation, variations in rate of growth, time of division of the 
microspore nucleus, and ability of the individual microspores to develop 
normally are shown. At all stages, during this growth period micro- 
spores were found in various stages of abortion. F. virginiana exhibits 
as great regularity during this growth period as is shown in the stages 
leading up to liberation of the microspores. 

(8) Liberation of the microspores from the tetrad marks the beginning 
of an independent gametophytic generation, so far as the metabolic 
processes of growth are concerned. The individual microspores float in 
a homogeneous nourishing medium provided by the sporophyte, but the 
use of this food material in cell metabolism depends entirely upon the 
individual organization of the microspores. 

(9) Specific chromosome combinations have been shown by various 
investigators to be a potent factor in the development or lack of develop- 
ment of individual plants or animals. In plants heterozygous for a 
number of factors, as are the varieties of strawberries, numerous new 
chromosome combinations occur for the first time in the microspores. 
The varying rates of growth, time of microspore. division, ability to 
increase the cytoplasm, and inability in many cases to develop normally 
seem to be the outward expression of the differential ability of these 
new chromosome combinations to carry on cell metabolism. 
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PLATE B 
Minnesota 3: 


1.—Pollen mother cell previous to synapsis. X 2,000. 
2.—Presynapsis in the pollen mother cell showing loops extending out from 
synaptic mass. XX 2,000. 
3-—Two loops and portion of a loop extending from the presynaptic mass. Same 
stage as figure 2. X 3,280. 
4.—Synapsis in a pollen mother cell.  X 2,000. 
5.—A postsynaptic stage. The synaptic mass is unraveling into bivalent loops. 
X 2,000. 
6.—Open spireme stage. X 2,000. 
7.—A presegmentation stage of the spireme.  X 2,000. 
8.—A portion of a bivalent spireme thread of the same stage as figure 7. X 3,280. 
g.—Segmentation of the bivalent spireme into chromosome pairs. The cytoplasm 
is rounding up and is partially surrounded by a gelatin-like sheath. x 2,000. 
10.—A portion of the bivalent spireme during segmentation. X 2,340. 
11, 12.—Chromosome pairs during the contraction period following segmentation. 
X 2,000. 
13.—Individual chromosome pairs showing various figures commonly formed during 
contraction. X 3,280. 
14.—Diakenesis in the pollen mother cell. X 2,000. 
t5.—Multipolar spindle stage of pollen mother cell. X 2,000. 
16.—Early anaphase of the heterotypic division. XX 3,280. 
(670) 














PLATE C 


1.—Late anaphase of the heterotypic division. The cytoplasm is rounding up 
from the mother cell wall and is partially surrounded by a thick gelatin-like sheath. 
X 2,000. 

2.—Chromosomes on the equatorial plate af the homeotypic division. 

3.—A portion of an anther in the tetrad stage, showing the microspores embedded 
in the gelatin-like sheath. The original mother cell walls are still present. 

4.—A tetrad at the same stage as those shown in figure 3. The mother cell wall 
isnot shown. X 2,000. 

5.—A microspore shortly after liberation from the tetrad. X 2,000. 

6.—A liberated microspore in which growth has commenced. X 2,000. 

7.—A later stage than figure 6, showing the slight thickening of the wall and 
the irregularities due to growth of the wall. X 2,000. 

8.—Microspore growth completed previous to division of the microspore nucleus. 
X 2,000. 

9.—A section through a microspore nucleus in prophase showing the continuous 
univalent spireme. X 3,280. 

10,—Another secti sn of the same nucleus, showing the first stages of the disappear- 
ance of the nucleolus. The nucleolar strands are attached tothe spireme. X 3,280. 

11.—Metaphase of the division of the microspore nucleus. A spindle in this posi- 
tion results in the nuclear arrangement shown in figure 15. The thickened extine is 
shown. X 2,000. 

12.—F. virginiana. Anaphase in the division of the microspore nucleus. The 
spindle lying parallel to the wall results in the nuclear arrangement shown in figure 14. 
X 2,000. 

13.—Telophase of the division of the microspore nucleus. The wall which eventu- 
ally surrounds the generative nucleus is not always apparent at this time. 

14.—A later stage than figure 13 in which the generative cell has been definitely 
cut off. XX 2,000. 

15.—A young pollen grain shortly after division, showing an increase in cytoplasm 
content. The thickened extine isshown.  X 2,000. 

16.—End view of a pollen grain showing the pattern of the laminate layers shown 
in figure 15 and Plate D, figures 1, 6, and 15. ‘The arrows mark the ends of the three ‘ 
sutures which bear the germ pores. 














PLATE D 


1.—Nearly mature pollen grain. The central body is the vegetative nucleus 
while the other is the generative cell. X< 2,000. 

2.—Mature pollen grain. The extine is not shown. The killing fluid causes the 
dry folded grains to become spherical.  X 2,000. 

3, 4, 5, 7-—Various types of degenerate microspores from anthers bearing 
microspores of the stage shown in Plate C, figure 6. X 2,000. 

6.—An aborting microspore from an anther containing half-grown microspores. 
X 2,000. 

8.—An aborting microspore of the same type as that shown in figure 6 from an 
anther containing nearly full-grown microspores as in Plate C, figure 8. As in Plate 
D, figure 6, the cytoplasm and nucleus still appear normal. X 2,000. 

9, 11.—Microspores of the same types and same age as figures 6 and 8, in which 
degeneration has proceeded farther. X 2,000. 

1o.—An aborted microspore from an anther containing microspores of the stage 
shown in Plate C, figure 8. Apparently abortion took place shortly following libera- 
tion from the tetrad. 

12.—An early stage of degeneration in a full-grown 1-nucleate microspore. XX 2,000. 

13.—An early stage of degeneration in a full-grown 1-nucleate microspore. A 
number of normal microspores in this anther are already dividing. 

14.—An aborting microspore containing an abnormally small amount of light 
staining cytoplasm; from an anther containing 1- and 2-nucleate microspores. X 2,000. 

15.—An aborted microspore from an anther containing 1- and 2-nucleate micro- 
spores. Apparently this is a late stage of the type of degeneration shown in figures 
6 and 8. X 2,000. 

16.—An aborted microspore containing very scant cytoplasm. The nucleus has 
completely degenerated and degeneration of the cytoplasm has begun. 
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PLATE E 


1.—A slightly more advanced stage of the condition shown in Plate D, figure 16. 

2.—An early stage in the abortion of a full-grown 1-nucleate microspore. XX 2,000. 

3.—An early stage of abortion directly following microspore division. XX 2,000. 

4.—A full-grown 1-nucleate microspore containing very scant light-staining cyto- 
plasm; from an anther containing 1- and 2-nucleate microspores. X 2,000. 

5.—Another type of degeneration of a full-grown 1-nucleate microspore. X 2,000. 

6.—An aborted microspore found among 1- and 2-nucleate microspores. XX 2,000. 

7.—A later stage of the type of degeneration shown in Plate D, figure 13; from 
an anther containing microspores of the stage of development shown by Plate C, 
figure 15. X 2,000. 

8.—Degeneration of the generative cell shortly after division. The vegetative 
nucleus and cytoplasm are still normal. XX 2,000. 

9, 10.—Common types of aborted microspores found with mature pollen. Evidently 
abortion took place before the division of the microspore nucleus. 2,000. 

11.—An aborted microspore, of the same type as that shown in figure 7. Found 
with mature pollen. XX 2,000. 


12.—A pollen grain showing abortion of the generative cell and an abnormal vacuo- 
late condition of the cytoplasm. XX 2,000. 


13.—A later stage of the type of degeneration shown in figure 8. The vegetative 
nucleus and cytoplasm are normal. X 2,000. 

















PLATE 35 


A.—Tertiary flower of the pistillate variety, Minnesota ro17 X Progressive — 13-40, 
showing prominent staminodia. 

B, C.—Primary and secondary flowers of the perfect variety, Minnesota 1017 X Pro- 
gressive—9g-24; B showing intermediate and C perfect anthers. 

D, E, F.—Two primary and a secondary flower of the perfect variety, Minnesota 


1017 X Progressive—2-55, showing pistillate, intermediate, and perfect types of 
flowers. 


G, H, I, J.—Flowersfrom the perfect variety, Minnesota 1017 < Progressive — 32-1. 
G and H are primary and secondary flowers, respectively, and are pistillate; I a 


secondary imperfect flower with a few normally developed stamens and J a tertiary 
perfect. flower. 
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Sterility In the Strawberry PLATE 36 
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PLATE 36 


A, B, C, D.—Cross sections of two loculi of staminodia of the pistillate varie- 
ties, Crescent, Columbia, Minnesota ror7 X Progressive—11-59, and Seedling 140, 


respectively. 
E.—Degeneration of the tetrads in an intermediate anther of Fragaria virginiana. 
F, G.—Later stages of the condition shown in figure E. 
H.—A portion of an intermediate anther from the first flower of-Minnesota 3. 














EFFECT OF NITRIFYING BACTERIA ON THE SOLU- 
BILITY OF TRICALCIUM PHOSPHATE! 


By W. P. Kewiey? 


Professor of Agricultural Chemistry, Graduate School of Tropical Agriculture and 
Citrus Experiment Station, University of California 


INTRODUCTION 


The solution of tricalcium phosphate and the chemical changes through 
which it passes in soils are subjects of special interest. The phosphorus 
compounds of soils have been mainly derived from tricalcium phosphate, 
and are relatively insoluble in water. A considerable part of the phos- 
phorus of soils probably actually occurs as tricalcium phosphate. The 
soluble phosphates of processed fertilizer also become relatively insoluble 
soon after being mixed with soil, some of which may be converted into 
tricalcium phosphate. In addition, tricalcium phosphate, in the form 
of untreated rock phosphate, has been recommended as a fertilizer at 
various times in the past and at present is being applied in considerable 
amounts in different parts of America. 

While tricalcium phosphate is relatively insoluble in water, it is well 
known that this substance is notably soluble in water saturated with 
carbon dioxid. For this reason it has long been suspected that the 
carbonic acid of soils promotes the solution of the phosphates present. 
Likewise the increased fertilizing effect resulting from the application 
of rock phosphate in conjunction with decaying organic matter has 
commonly been assumed to be due to the solvent effects of the carbonic 
acid, and possibly other organic acids, that are formed in the decom- 
position of the organic matter. 

As a rule, however, investigators have not been able to detect any 
increase in the solubility of rock phosphate when left in contact with 
decaying organic matter. For example, Lupton (6)*, McDowell (7), 
Truog (9), Tottingham and Hoffmann (8), and various European workers‘ 
found, as a result of composting rock phosphate with various fermenting 
mixtures, that in no case more than slight increases in the solubility of 
the phosphate took place and in certain instances decreases in solubility 
were noted. 





! Paper No. 4s, University of California Graduate School of Tropical Agriculture and Citrus Experiment 
Station, Riverside, Cal. 

2 Credit is due Mr. A. B. Cummins for assistance in this investigation. 

§ Reference is made by number (italic) to “ Literature cited,” p. 683. 

‘A very complete bibliography of this subject is given by Lipman, Mclean, and Lint (5). 
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A number of investigators have shown that the solution of tricalcium 
phosphate may be effected by the biochemical oxidation of sulphur. 
Recently Lipman, McLean, and Lint (5) found that large amounts of 
rock phosphate may be made soluble by the.sulphur bacteria in fer- 
menting mixtures containing elemental sulphur. 

The effects of the nitrifying bacteria on the solubility of tricalcium 
phosphate have recently been investigated by Hopkins and Whiting (3). 
They found that the nitrite bacteria (Nitrosomonas spp.) have the power 
of oxidizing ammonium sulphate in solution cultures containing trical- 
cium phosphate but no carbonate or free base, and that under these con- 
ditions the nitrous acid and sulphuric acid, formed from the ammonium 
sulphate, attacked the tricalcium phosphate and rendered notable 
amounts of phosphorus and calcium soluble in water. Similar effects 
were found when ammonium nitrate was substituted for ammonium sul- 
phate. By calculation they found, as an average of 13 tests, that for 
every 56 pounds of nitrogen oxidized, 115 pounds of phosphorus and 211 
pounds of calcium were made soluble in water. They also found that no 
change in the solubility of tricalcium phosphate takes place as a result 
of the action of the nitrate bacteria (Nitrobacter spp.). As pointed out 
by them, the oxidation of nitrite to nitrate does not necessitate an in- 
crease in acidity, but is merely a matter of adding an atom of oxygen to 
the nitrite. 

Hopkins and Whiting have discussed their views regarding the prac- 
tical bearing of these experiments at considerable length, and have as- 
signed special importance to the nitrite bacteria as agents in promoting 
the solution of rock phosphate in the field. In commenting on these 
investigations Davenport ' even suggested that the importance of the 
nitrite bacteria as agents in the solution of rock phosphate, is on a par 
with that of the legume bacteria in nitrogen fixation. 

Since the formation of nitrous acid is commonly considered to be an 
essential step in the nitrification process and as nitrification is generally 
active in productive soils, it is at once apparent that relatively large 
amounts of phosphate will be made soluble by this group of bacteria, 
provided the reactions that take place in soils be similar to those found in 
solution cultures. 

The practical importance of phosphates in agriculture and the general 
interest in the several phases of the nitrification process justify further 
investigation of this problem. Accordingly, the writer has made some 
studies on it at the University of California Citrus Experiment Station. 
In these studies both soil and sand cultures have been employed. The 
formation of nitrate and the solubility of calcium and phosphoric acid in 
water were used in this investigation as measures of the biochemical 
action of the nitrifying organisms. 





1 Foreword to the publication by Hopkins and Whiting (3). 
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EXPERIMENTAL RESULTS 


The soil used in this investigation was drawn from one of the plots 
(F) now being used in a fertilizer experiment with Citrus trees. This 
plot has been treated annually for 10 years with light applications of 
stable manure, but no commercial fertilizer or lime has been applied 
to it. The soil is a light sandy loam of granitic origin, the coarser par- 
ticles of which are composed largely of granite. It contained 8.5 p. p. m. 
of nitric nitrogen, and 0.188 per cent of total phosphorus pentoxid 
(P,O,), of which 17.4 p. p. m. were soluble in water when the experiment 
was begun. The total carbonate (CO,), as determined by the Gaither 
(2) method, amounted to 0.03 per cent, but the sample was free from 
water-soluble carbonate (CO,). 

Portions of 2,000 gm. each of fresh soil were weighed into half-gallon 
(1.89 liters) fruit jars. A solution of ammonium sulphate (c. p.) was 
added to certain portions at rates supplying 0.01 gm. of nitrogen per 
100 gm. of dry soil. To other portions an equal quantity of nitrogen was 
added in the form of dried blood. Still other portions were employed with- 
out the addition of any nitrogenous substance. Baker’s analyzed trical- 
cium phosphate was added in certain cases at the rate of 0.10 gm. per 100 
gm. of soil and calcium carbonate (c. p.) at the rate of 0.25 gm. per 100 
gm. of soil. The experiments were made in duplicate. After a thorough 
mixing, adding suitable amounts of water and mixing again, the jars 
were loosely covered and incubated at room temperature. 

It is, of course, well known that the purest tricalcium phosphate is 
somewhat soluble in water and that ammonium sulphate affects the 
solubility of certain soil constituents, notably calcium, without the inter- 
vention of bacteria. Consequently it was deemed necessary to deter- 
mine the solubility of calcium and phosphoric acid after the above- 
named substances had been mixed with the soil, but before sufficient time 
had elapsed to permit measurable bacterial action. It is obvious that 
the amounts of soluble calcium and phosphoric acid present in the soil 
at the beginning of the experiment should not be considered as having 
been dissolved by subsequent bacterial action. Accordingly portions of 
soil each containing 200 gm. were placed in flasks, the same relative 
proportions of tricalcium phosphate, calcium carbonate, and ammonium 
sulphate added as in the incubated series, and the contents thoroughly 
mixed. Distilled water was added at the rate of 250 parts per 100 
parts of dry soil, and the contents were vigorously shaken once every 
10 minutes during an hour, and were then filtered through Chamberland- 
Pasteur filters. Calcium was determined in the filtrates by the volu- 
metric permanganate method and phosphoric acid by the Pemberton 
volumetric method. The average results obtained from closely agreeing 
duplicate solutions, expressed in parts per million of dry soil, are sub- 
mitted in Table I. 
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TABLE I.—Solubility of calcium and phosphate in soil immediately after adding calcium 
carbonate, tricalcium phosphate, and ammonium sulphate 





Soluble Soluble 
Treatment. calcium phosphoric 
(Ca). acid ¢Px0s). 





P. p.m. P. p.m. 
Soil onl 27.5 
Soil and calcium carbonate 26. 8 
Soil and tricalcium phosphate 31.1 
Soil, tricalcium phosphate, and calcium carbonate. . . 33 5 37.1 
Soil and ammonium sulphate 90. I 16. 

Soil, ammonium sulphate, and tricalcium phosphate......... 92. 6 25.1 











These data show ‘that the addition of calcium carbonate produced no 
effect on the immediate solubility of the calcium already in the soil or 
that added as tricalcium phosphate, but the addition of tricalcium phos- 
phate produced an increase of about 5 p. p. m. of soluble calcium and 
11.2 p. p. m. of soluble phosphoric acid. The most notable effect was 
produced by ammonium sulphate, which caused an increase in water- 
soluble calcium from 27.5 to 90.1 p. p. m. 

The data submitted in Table I should not be considered as represent- 
ing true solubility determinations, for it is not certain that equilibrium 
was completely established, either between the various solids present 
and the solvent (water), or between the constituents of the soil and the 
chemical substances that were added to it. A longer period of contact 
might have yielded extracts either more or less concentrated, depending 
on whether or not the rate of solution was greater or less than the rate 
of fixation. The same procedure was followed in making these deter- 
minations,. however, as was used at the close of the incubation periods, 
and, although the results are not strict solubility determinations, they 
are believed to be comparable, and that any difference between the 
amounts of calcium and phosphoric acid found at the beginning and the 
close of the periods of incubation may be assumed to have arisen mainly 
through the action of biochemical agents.' 

After incubation periods of 28, 57, and 157 days, quantities containing 
200 gm. of dry soil were transferred from the incubation jars to flasks, 
distilled water was added at the rate of 250 parts per 100 parts of dry 
soil, was shaken vigorously once every 10 minutes during an hour, and 
was then filtered through Chamberland-Pasteur filters as in the pre- 
ceding series. Soluble calcium and phosphoric acid were determined 
in the filtrates by the methods already referred to, and nitric nitrogen 
by the phenoldisulphonic-acid method. The filtrates were also tested 
for nitrite, but not more than 0.5 p. p. m. was found in any case. The 
average results of closely agreeing duplicates are recorded in Table II. 





‘It was not deemed advisable to maintain separate portions in a sterile condition, owing to the fact 
that the various methods now in use for bringing about complete sterilization in soils probably affect the 
solubility of the various constituents. 
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TABLE II.—Effects of nitrification on the solubility of tricalcium phosphate in sosl 





After 28 days. bp After 57 days. After 157 days. 








Materials added. Nitric 
nitro- 
gen. 


Phos- | Nitric Phos- | Nitric Phos- 
B ad phoric Cal- phoric ; 
* | acid. acid. 








P. p.m.\P. p.m. |P. p.m.|\P. . p.m. |P. p.m. 
| See rere Ge cece me 1 II.o 
Calcium carbonate.....}| 22.0} 56.5) 11.9 ; ' 13.2 
Tricalcium phosphate..| 21.0) 53.5] 24.2 ’ . 8} 25. 0} 
Calcium carbonate and 

tricalcium phosphate.) 22.0/ 59.1) 17.3 . ’ 22. 4 
Ammonium sulphate..} 98.0} 219.4] 18.5 . i, 19. 4) 
Ammonium sulphate 

and calcium  car- 








é 97-0) 254.4 
Ammonium sulphate 
and tricalcium phos- 





. Of 217. 

Ammonium sulphate, ” me 
calcium carbonate, 
and tricalcium phos- 
phate TOO. 0} 253. 4 

Dried blood............| 91.0} 107.7 90. 

Dried blood and cal- ; 
cium carbonate......} 89.0) 107. 2 3 90. oO 

Dried blood and trical- 
cium phosphate 82.0) 111.7 88.0 

Dried, bl calcium 
carbonate, and trical- 
cium phosphate 81. oF 118.2) 19.5) 87.5) 138.1 


























A series of experiments with the use of silica sand corresponding 
closely with the preceding soil series was conducted at the same time. 
The silica sand was obtained from Monterey, Cal., and was free from 
carbonate, but contained small amounts of feldspar, hornblende, and 
mica particles, and possibly traces of other minerals. Portions of 1,000 
gm. each were placed in fruit jars, and quantities of ammonium sulphate, 
dried blood, calcium carbonate, and tricalcium phosphate were added 
in duplicate at the same rates and arranged after the same plan as in the 
preceding soil series. 

Mixed cultures of bacteria were supplied by adding 150 c. c. of an 
ordinary soil infusion obtained from the soil used in the preceding series. 
The infusions were quite clouded with suspended matter, which probably 
included small amounts of various soil constituents. In addition, 50 c. c. 
of a nutrient solution, composed of 2 gm. of sodium chlorid, 0.2 gm. of 
magnesium sulphate, 0.5 gm. of potassium sulphate, and 6 drops of a 10 
per cent solution of ferric chlorid per liter, were thoroughly mixed with 
the sand in each jar. The jars were loosely covered and incubated at 
room temperature. 

After periods of 28, 56, 98, and 157 days, quantities containing 200 gm. 
of dry sand were withdrawn, 500 c. c. of distilled water added, and after 
shaking vigorously as in the preceding series, were filtered through 
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Chamberland-Pasteur filters. Nitrate, calcium, and phosphoric acid 
were determined in the filtrates by the methods already referred to. 
Nitrite, when present, was also determined by the Greiss-Ilosovay method. 
The calcium determinations for the 98-day period have been omitted 
from the table, owing to an error in the analytical procedure. The 
average results from duplicate incubations are recorded in Table III. 





TABLE III.—Effects of nitrification on the solubility of tricalcium phosphate in sand 
cultures 


[Results expressed in parts per million) 





After 28 days. After 56 days. 


e 

3 
» 
g 
3 





Materials added. 


Nitric nitro- 
gen. 
Nitrous ni- 
trogen. 
Phosphoric 
acid 

osphoric 
acid. 
Nitrous ni- 
trogen. 
Phosphoric 
acid. 
Nitrous ni- 
trogen. 
Phosphoric 
acid. 


| *= 











Calcium carbonate 

Tricalcium phosphate 

Calcium carbonate and tricalcium 
phosphate 


ad 
bu 


rd 
w 





Ammonium sulphate 
Ammonium sulphate and calcium 
- 192-0} -0|308.0) 

Ammonium sulphate and trical- | 

cium phosphate . +0} 62.6 
Ammonium sulphate, calcium car- | 
bonate, and tricalcium phos- | 
| 8. 2|207. 8/17. 7 


41-2) 23-0} .o +O} 7-2/23-7] -O) 

Dried blood and calcium carbonate. |45. sols. 6|r50. 3 +0/75-0| -Oltgr.5] - +O} +O} .o 
. peed and tricalcium phos- 
+ 5\25-0| 38. 557-1] 1-0)31-0) . + 0/25. 0152. 2 











pied ‘bicod, calcium carbonate, 
and tricalcium phosphate + 3/62. 5/100. 2)1§. 3] 2. . . . . i 18.3 
| 






































DISCUSSION OF EXPERIMENTAL RESULTS 


Sor SERIES.—The data submitted in Table II show that active nitri- 
fication took place in the soil series. For example, the nitric nitrogen 
increased in the control portions from 8.5 p. p. m., originally present, to 
20 p. p. m. in 28 days. Where ammonium sulphate was added, the con- 
centration increased to 98.5 p. p. m., while dried blood yielded 91.0 
p. p. m. of nitric nitrogen. The addition of calcium carbonate and tri- 
calcium phosphate either singly or together produced very slight, if any, 
effects on nitrification in this series.1 After subtracting the amounts of 
nitric nitrogen in the controls, it is found that 78 per cent of the am- 
monium sulphate and 71 per cent of the dried-blood nitrogen were 
oxidized in 28 days. 

When allowance is made for the soluble calcium found at the beginning 
of the experiment (Table I), the data show that in every case nitrification 





1 In other experiments with this soi] the addition of calcium carbonate has slightly stimulated the nitri- 
fication of ammonium sulphate, but not of dried blood. 
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was accompanied by increases in the solubility of the calcium present.! 
This was noted to some extent in the portions to which no nitrogenous 
additions were made; was considerably greater when dried blood was sup- 
plied; and was greatest with the addition of ammonium sulphate. The 
data show, however, that the concentration of soluble calcium was not 
increased as a result of adding tricalcium phosphate. On the other hand, 
soluble calcium was considerably increased in a number of cases by the 
addition of calcium carbonate. It would seem, therefore, that calcium, 
in the form either of the carbonate or of such silicates as occur in this 
soil, will be dissolved by the biochemical oxidation products in preference 
to tricalcium phosphate. 

In contrast to the effects on the solubility of calcium, the data show 
that nitrification of the soil nitrogen and that added as dried blood was 
accompanied in each case by a well-defined decrease in soluble phos- 
phoric acid. Where ammonium sulphate was added alone, the amounts 
of soluble phosphoric acid found at the 28- and 57-day periods were 
approximately the same as found at the beginning of the experiment. 
It would appear, therefore, that the solvent action of the bacteria in 
this case was almost exactly equal to the precipitating action that evi- 
dently took place in the control and dried-blood portions. After 157 
days, however, more than half of the soluble phosphoric acid originally 
present in this portion had disappeared. It is also shown that, while 
larger amounts of soluble phosphoric acid were found where tricalcium 
phosphate had been added than in the control portions, the increases 
can not be definitely ascribed to the action of bacteria in any case except 
where ammonium sulphate was also added, and then only without the 
addition of calcium carbonate. For in all other cases the solubility 
immediately after adding tricalcium phosphate was equal to or greater 
than that at the end of the incubation periods. 

In the absence of calcium carbonate, however, the oxidation of am- 
monium sulphate dissolved tricalcium phosphate, as shown by the fact 
that the concentration of soluble phosphoric acid was increased in 28 
days from 24.2 to 52.1 p. p. m. Later the solubility steadily declined 
until at the end of 157 days the concentration had been reduced to 
30 p. p. m. 

Assuming in this case that the increase in nitric nitrogen over the 
amounts found in the controls was due to the oxidation of ammonium 
sulphate, we find that the oxidation of 78.0 p. p. m. of nitrogen resulted 





1It should be clearly understood that the results obtained in this investigation represent the algebraic 
sum and difference of the results of anumber offorces. In the first placeitis highly probable that biochem- 
ica] agents other than the nitrifying organisms are capable of affecting the solubility of calcium and phos- 
phoric acid in soils. A part of this effect may be referred to as positive and a part as negative, since, on the 
one hand, carbonic acid, formed in the life process of bacteria, is a solvent for calcium and phosphoric acid, 
and on the other hand, the organisms themselves absorb phosphoric acid (§). In the second place diffusion 
tends to bring about more or less fixation in soils. The concentration at a given moment, therefore, is 
teally dependent on the interaction of a number of forces. Consequently a full explanation of the results 
obtained is not possible at present. 
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in the solution of 27.9 p. p. m. of phosphoric acid, or 12.2 p. p. m. phos- 
phorus. By comparing these data with the rate of solution reported by 
Hopkins and Whiting from solution cultures, it will be seen that, while 
the oxidation of 1 pound (454 gm.) of nitrogen was accompanied by the 
solution of 2.033 pounds (922 gm.) of phosphorus in their experiments;' 
in these experiments with soil cultures the maximum amount of phos- 
phorus made soluble was only 0.156 pound (70.8 gm.) per pound of 
nitrogen oxidized. Therefore, the oxidation products of ammonium 
sulphate were approximately 13 times as effective in dissolving trical- 
cium phosphate in solution cultures as in this soil. 

It is interesting to note that the addition of calcium carbonate tended 
to lower the solubility of tricalcium phosphate wherever applied. 

SAND SERIES.—Ammonium sulphate, when added alone, underwent 
almost no nitrification in the sand series (Table III) until the last period 
of the experiment, during which small amounts of nitrate were formed.’ 
The presence of calcium carbonate, however, promoted very active 
nitrification of ammonium sulphate. In this case the concentration of 
nitric nitrogen reached its maximum (92 p. p. m.) in 28 days. On the 
other hand, the effects resulting from the addition of tricalcium phos- 
phate only began to be manifested by the fifty-sixth day. Later the 
nitrate content slowly increased until the close of the experiment, when 
33 p. p. m. were found. Nitrification of ammonium sulphate in the 
proportions containing both calcium carbonate and tricalcium phosphate 
was not so pronounced during the first 28 days as with calcium carbon- 
ate only, but later the effects were almost identical. 

The nitrification of dried blood in sand proved to be especially inter- 
esting in that the intermediate formation of nitrite proceeded much 
more rapidly than the oxidation to nitrate.» When dried blood alone 
was added, 42.1 p. p. m. of nitrite nitrogen were found after 28 days and’* 
only 1.1 p. p. m. of nitric nitrogen. Later no further accumulation of 
nitrite took place, but the formation of nitrate set in slowly with the 
result that 29 p. p. m. had been formed by the close of the experiment, 
but even then 5 p. p. m. of nitrite still remained. 





1 It should not be inferred that Hopkins and Whiting claim that the products of nitrification will dis- 
solve rock phosphate at the same rate in soil as in solution cultures. They pointed out (3. . 405),for 
example, that nitrous acid may combine with calcium silicate, calcium carbonate, and other compounds 
in soils as well as with tricalcium phosphate. Nevertheless they hold that the nitrite bacteria are important 
agents in bringing about the solution of rock phosphate in field soils. 

2 Appreciable amounts of nitrate were formed in the portions which were intended to be free from com- 
taned nitrogen. The nitrate in these instances probably originated from organic matter held in suspen- 
sion in the soilinfusions that were added. The amounts formed, however, were small and consistent in 
every case, increasing steadily from an average of 7.3 p. p. m. at the 28-day period to a maximum of 11.2 
P. p. m. at 98 days. 

2 Data showing that nitrites may accumulate in nitrification experiments have previously been reported 
(4), but this is a condition not commonly met in the field. The accumulation of nitrites indicates, of 
course, that some factor in the medium was abnormal, but more favorable for the nitrite bacteria than 
for the nitrate bacteria. It is known that the nitrate bacteria are more sensitive to adverse conditions 
than the nitrite bacteria. 





Mar. 11,198  Nitrifying Bacteria and Tricalcitum Phosphate 679 





The application of calcium carbonate notably stimulated the nitrifi- 
cation of dried blood, and after 56 days the yield was approximately the 
same as from ammonium sulphate. On the other hand, tricalcium 
phosphate produced no stimulation in the nitrification of dried blood at 
any period, but the application of both calcium carbonate and tricalcium 
phosphate promoted active nitrite formation, which during the last 
period of the experiment resulted in the oxidation of approximately as 
much nitrogen as in any other case in the experiment. The final oxida- 
tion to nitrate in this case, however, was very feeble throughout the 
entire experimental period. 

It is evident from the above results, therefore, that, while tricalcium 
phosphate may promote nitrification in the absence of carbonate, more 
favorable conditions for nitrification were produced by calcium carbonate 
than by tricalcium phosphate. 

Large amounts of calcium carbonate were made soluble by the nitrifi- 
cation of ammonium sulphate in the sand series, but since enfeebled 
nitrification of ammonium sulphate took place when tricalcium phos- 
phate only was added, relatively small increases in soluble calcium were 
produced. At the final period of the experiment, however, the increase 
in soluble calcium resulting from tricalcium phosphate and the small 
amounts of nitrogen that had been oxidized agree closely with theo- 
retical calculation. 

Again, considerably less calcium was dissolved in the nitrification of 
dried blood than in that of ammonium sulphate, a result which is in 
harmony with generally accepted views regarding the nature of the 
oxidation products formed in the two cases. With the latter sulphuric 
acid is formed in addition to nitrous acid, while with the former carbonic 
acid is probably one of the end products. 

The limited nitrification of dried blood, found where tricalcium phos- 
phate had been added, was associated with a lower soluble-calcium 
content than occurred where tricalcium was added alone. But in view 
of the fact that not more than 30 per cent of the nitrogen was oxidized, 
it is probable that the medium remained alkaline as a result of the 
ammonification of the dried blood, and, consequently, the lower yields 
of soluble calcium may have been due to slight precipitation of calcium 
as calcium carbonate. 

It is especially interesting that smaller amounts of calcium were 
dissolved by the nitrification of ammonium sulphate and dried blood 
in the presence of both calcium carbonate and tricalcium phosphate 
than with calcium carbonate alone. 

Considering the phosphoric-acid determinations, it is at once apparent 
that nitrification did not produce an increase in the solubility of tri- 
calcium phosphate when carbonate was present. In the absence of 
carbonate, however, an increase in solubility resulted from the nitrifica- 
tion of ammonium sulphate. In this case, although nitrification was 
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less active than elsewhere, the data show that the small amounts of 
oxidation products formed dissolved tricalcium phosphate. On the 
other hand, wherever calcium carbonate was also present, the oxidation 
products not only combined with it, but the initial solubility of the 
tricalcium phosphate was very materially lowered as well. This was 
true in the nitrification of both ammonium sulphate and dried blood.' 


INTERPRETATION OF RESULTS 


In making a practical interpretation of these investigations it should be 
borne in mind that fertile soils commonly contain at least small amounts 
of carbonate, that even the so-called acid soils frequently contain con- 
siderable amounts of bicarbonate, and that the presence of calcium 
carbonate in soils is generally considered to promote conditions that are 
favorable for the growth of most crops. Furthermore, large amounts 
of calcium carbonate are being applied to soils in many localities, 
especially in the humid sections. In the Central West, for example, 
ground limestone is being applied on a large scale, and generally it is 
recommended that the application be repeated every few years. 

Under the conditions that result, chemical reasoning (1) and the experi- 
mental results reported above agree in suggesting that the action of the 
biochemical oxidation products, formed in the nitrification of organic 
nitrogen, would be spent on the carbonate and not on tricalcium phos- 
phate. Furthermore, it seems doubtful whether this could be avoided 
by the application of limestone and rock phosphate at different times 
in a rotation, as was suggested by Hopkins and Whiting. Although 
it is possible that under this condition the particles of rock phosphate 
may chance to occur in local centers that are somewhat removed from 
solid particles of calcium carbonate, and nitrification may happen to 
take place in these centers, it does not even then necessarily follow 
that the phosphate would be dissolved. For such centers would probably 
always be in contact with soil silicates, and the above data indicate 
that at least some soil silicates may be attacked by the products of 
nitrification in preference to tricalcium phosphate. When the con- 
ditions permit the accumulation of considerable acidity, however, such 
as probably obtain when ammonium sulphate is applied to a soil low 
in carbonate, it was found that small amounts of the phosphate were 
dissolved. But then a degree of acidity that is distinctly injurious to 
crops may soon develop, as has been found by field trials in a number 
of localities. Furthermore, bicarbonate, arising from the action of 
carbonic acid on the solid particles of calcium carbonate, would certainly 
tend to diffuse toward the supposed centers of acidity, thus precipitating 





1 Soluble phosphoric acid may have been utilized to some extent in the life processes of the bacteria 
present, as was found by Tottingham and Hoffmann (8). But the simultaneous losses in soluble calcium 
also suggest the precipitation of phosphoric acid, a view that is in harmony with the well-known fact that 
calcium carbonate may precipitate phosphoric acid from solution. 
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the phosphoric acid. The results of many studies on the concentration 
of nitric nitrogen in soils supporting growing crops show, for example 
that diffusion is an important force in maintaining equilibrium in soils. 

Tricalcium phosphate can not be converted into monocalcium phos- 
phate (the water-soluble form) without active acidity being developed.' 
Nor are acids neutralized by converting tricalcium phosphate into mono- 
calcium phosphate, since the latter is an acid compound. But when the 
acidity necessary to the solution of tricalcium phosphate is neutralized, 
the phosphoric acid will be precipitated. If it be desirable that a con- 
dition either of neutrality or slight alkalinity obtain in soils, as has been 
widely taught, it is difficult to see how more than traces of monocalcium 
phosphate can exist therein at the same time. 

It should also be recalled that untreated rock phosphate generally 
contains considerable amounts of calcium carbonate intimately com- 
mingled with the phosphate. Before dilute acids, formed by the action 
of bacteria or otherwise, can dissolve the phosphate, the carbonate must 
first be neutralized, as is commonly recognized in the commercial pro- 
cesses employed in the manufacture of acid phosphate. 

It seems possible, however, that the nitrifying bacteria may dissolve 
limited amounts of rock phosphate in acid soils. The soil used in this 
investigation, although low in carbonate, was not acidic, and more active 
solution of tricalcium phosphate would probably take place in an acid 
soil. But, in any case, with the possible exception of very sandy types 
of soil, it is probable that phosphoric acid, made soluble by the nitrifying 
bacteria, would tend to become fixed through being brought into con- 
tact with other soil constituents by diffusion. Many investigations have 
shown, for example, that acid phosphate soon becomes fixed, even in 
acid soils. 

From these investigations it seems, therefore, that while the nitrite 
bacteria are capable of effecting the solution of tricalcium phosphate 
under restricted conditions, they are not the potent agents in the solu- 
tion of rock phosphate in the field that Hopkins and Whiting were led to 
infer from their experiments with solution cultures. 

In the opinion of the author the results obtained in this investigation 
should not be interpreted as being definitely opposed to the use of un- 
treated rock phosphate as a fertilizer. It is true that the means by which 
tricalcium phosphate is made soluble in soil have not been definitely 
determined, but the important fact remains that in various localities 
beneficial effects on the growth of crops have frequently been produced 
by rock phosphate. It therefore remains for further investigation to 
lay bare the reasons. The suggestions offered by Truog (9) in this con- 
nection seem to be deserving of special consideration. 





1 It is, of course, understood that hydrolysis is excepted in this case. The absolute increases in soluble 
phosphoric acid in soils resulting from the hydrolysis of tricalcium phosphate are probably quite small. 
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SUMMARY 


The investigations reported in this paper include a study of (1) the 
effects of adding calcium carbonate, tricalcium phosphate, and ammo- 
nium sulphate on the immediate solubility of calcium and phosphoric 
acid in a light sandy loam soil; (2) the effects of nitrification of the soil 
nitrogen, ammonium sulphate, and dried blood on the solubility of the 
naturally occurring calcium and phosphoric acid; (3) the effects of nitri- 
fication in soil and sand cultures on the solubility of tricalcium phosphate 
both with and without the application of calcium carbonate. 

The following results were obtained: 

(1) The addition of calcium carbonate produced no effect on the imme- 
diate solubility of the soil calcium or that added as tricalcium phosphate. 
The addition of tricalcium phosphate produced an increase of about 5 
p. p. m. of soluble calcium and 11.2 p. p. m. of soluble phosphoric acid, 
while the addition of ammonium sulphate brought about an increase in 
water-soluble calcium from 27.5 to 90.1 p. p. m. 

(a) Active nitrification of ammonium sulphate and dried blood took 
place in the soil series, and at the same time notable increases in soluble 
calcium were produced. 

(3) No increase in the solubility in water of the soil phosphates or of 
tricalcium phosphate was produced by bacterial action except in the 
nitrification of ammonium sulphate when added without calcium car- 
bonate. In this case 0.156 pounds (70.8 gm.) of phosphorous were dis- 
solved for every pound of nitrogen oxidized, whereas Hopkins and Whit- 
ing found from solution cultures that 2.033 pounds (922 gm.) were dis- 
solved for every pound of nitrogen oxidized. 

(4) The addition of calcium carbonate brought about an increase in 
soluble calcium but tended to lower the solubility of tricalcium phosphate. 

(5) In the absence of calcium carbonate the nitrification of ammonium 
sulphate in sand cultures was accompanied by the solution of theoretical 
amounts of tricalcium phosphate. When calcium carbonate was present, 
however, the solubility of tricalcium phosphate was not increased by 
nitrification. 

(6) The formation of nitrite from dried blood took place more rapidly 
in the sand cultures than the formation of nitrate. 

(7) Tricalcium phosphate was not dissolved by the nitrification of dried 
blood in the sand series. 

(8) It was found that calcium carbonate promoted more active nitri- 
fication than tricalcium phosphate. 

(9) The experimental results indicate that the nitrification of organic 
forms of nitrogen does not increase the solubility of rock phosphate under 
field conditions that are favorable to crop growth. It is possible, how- 
ever, that the nitrification of ammonium sulphate may result in the solu- 
tion of small amounts of tricalcium phosphate in soil low in carbonate. 
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